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The  use  of  ammonia-based  working  fluids  for  absorption  prevails  in  a  wide  range  of  applications  due  to 
the  low  freezing  temperature  of  the  refrigerant  and  the  absence  of  crystallization  as  well  as  the  lack  of 
problems  under  vacuum  conditions.  This  paper  presents  a  comprehensive  overview  on  the  use  of 
ammonia-based  absorption  chillers  and  heat  pumps.  The  thermodynamic  and  physical  properties  of  pure 
ammonia  and  binary  and  ternary  ammonia  mixtures  are  presented  in  correlation  formulas.  Develop¬ 
ments  and  applications  in  subfreezing  refrigeration,  heating/domestic  hot  water,  renewable  energy 
utilization,  waste  heat  recovery,  thermal  energy  storage  and  miniaturization  of  absorption  systems  are 
presented  and  summarized.  In  subfreezing  refrigeration,  the  evaporation  temperatures  for  single-stage 
absorption  lie  mainly  between  —30  C  and  -5  °C,  and  they  can  reach  as  low  as  -70  C  in  advanced 
absorption  systems.  Air-source  and  ground-source  absorption  heat  pumps  are  suggested  for  heating/ 
domestic  hot  water  applications  in  cold  regions.  For  renewable  energy  uses,  ammonia-based  solar 
absorption  applications  with  various  working  fluids  are  quite  popular,  whereas  geothermal  and  biomass 
energy  systems  are  less  studied.  In  thermal  energy  storage,  ammonia-based  working  fluids  are  not 
advantageous  for  storage  capacity  or  cycle  efficiency,  but  they  prevail  for  subfreezing  energy  storage. 
Additionally,  ammonia-based  fluids  are  also  attractive  options  for  the  miniaturization  of  absorption 
systems  due  to  the  absence  of  crystallization. 
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1.  Introduction 

Originally  used  for  refrigeration,  the  absorption  cycle  was 
invented  in  the  mid-1800s  [1]  but  faded  quickly  after  higher- 
performance  vapor  compression  refrigeration  was  introduced. 
Since  the  1960s,  absorption  technology,  especially  the  absorption 
refrigeration  cycle  for  air  conditioning,  has  been  gradually  devel¬ 
oped  because  it  primarily  consumes  low-level  heat  energy  [2]  and 
can  play  an  irreplaceable  role  in  renewable  energy  use  [3,4]  and 
waste  heat  recovery  [5,6],  Finally,  the  absorption  heat  pump  (AHP) 
has  also  drawn  attention  due  to  its  potential  for  use  in  sustainable 
energy  systems  providing  a  high  primary  energy  efficiency  and 
low  environmental  impact  [7,8], 

H20-LiBr  and  NH3-H20  are  the  most  widely  used  absorption 
working  fluids  [9,10],  with  the  former  being  more  popular  due  to 
its  higher  performance  [11],  However,  several  critical  limitations 
exist  for  H20-LiBr: 

•  The  freezing  point  of  water  is  0  °C,  and  therefore,  an  H20-LiBr 
AHP  that  uses  water  as  a  refrigerant  cannot  operate  at  an 
evaporation  temperature  below  0  C,  making  it  unusable  for 
subfreezing  refrigeration  [12,13]  or  heating/domestic  hot  water 
(DHW)  supplementation  in  cold  regions. 

•  Crystallization  of  the  H20-LiBr  solution  is  quite  common, 
especially  when  the  absorption  temperature  is  high  or  the 
evaporation  temperature  is  relatively  low,  which  presents  a 
barrier  for  air-cooled  absorption  [14,15], 

•  High  vacuum  conditions  should  be  maintained  in  the  system 
for  efficient  operation  of  the  H20-LiBr  system;  otherwise,  the 
performance  of  the  absorption  cycle  would  be  greatly  degraded 
[16]. 


These  factors  render  ammonia-based  solutions  more  suitable 
for  adoption  as  AHP  working  fluids  in  certain  situations,  especially 
for  applications  involving  subfreezing  refrigeration,  air-cooled 
AHPs,  AHP  heating  and  DHW,  among  others.  In  other  applications 
(i.e.,  renewable  energy  utilization,  waste  heat  recovery  and  ther¬ 
mal  energy  storage),  ammonia-based  working  pairs  have  also 
attracted  great  attention  due  to  the  absence  of  crystallization 
and  vacuum  issues. 


Several  critical  reviews  have  been  published  in  the  literature  on 
the  subject  of  absorption  technologies.  In  2000,  Kang  et  al.  [17] 
reviewed  the  performance  improvement  and  temperature  lift 
enhancement  of  advanced  absorption  cycles.  Srikhirin  et  al.  [18] 
reviewed  different  working  fluids  and  cycles  for  absorption  refrig¬ 
eration  in  2001.  In  2002,  Ziegler  [19]  defined  the  state  of  the  art  in 
sorption  heat  pumping  and  cooling  technologies,  including  the 
working  fluids  and  cycles  for  both  absorption  and  adsorption 
systems,  and  Sun  et  al.  [20]  presented  a  review  of  working  fluids 
for  absorption  cycles  in  2012.  However,  the  previous  literature  has 
mainly  focused  on  the  development  of  working  fluids  and  absorp¬ 
tion  cycles,  with  most  attention  centered  on  air  conditioning  and 
refrigeration.  No  previous  review  has  comprehensively  summarized 
the  studies  and  applications  of  AHPs  using  ammonia-based  solu¬ 
tions  as  working  fluids,  which  have  special  advantages  over  other 
fluids.  The  main  objective  of  this  paper  is  to  provide  a  complete 
review  of  ammonia-based  AHPs,  including  both  absorption  chillers 
and  heat  pumps.  The  thermodynamics  and  physical  properties  of 
different  ammonia-based  working  fluids  are  covered,  which  are 


Fig.  1.  Schematic  of  the  basic  NH3-H20  AHP  cycle. 
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Nomenclature 

COP 

coefficient  of  performance 

CPC 

compound  parabolic  concentrator 

AHP 

absorption  heat  pump 

DHW 

domestic  hot  water 

ASAHP 

air-source  absorption  heat  pump 

ECOP 

exergy  coefficient  of  performance 

ASEHP 

air-source  electrical  heat  pump 

GAX 

generator  absorber  heat  exchange 

GSAHP 

around-source  absorption  heat  pump 

LNG 

liquefied  natural  gas 

GSEHP 

ground-source  electrical  heat  pump 

VLE 

vapor  liquid  equilibrium 

essential  for  AHP  performance  analysis  and  system  simulation. 
Additionally,  various  research  developments  and  applications  are 
presented  in  this  work,  including  subfreezing  refrigeration,  heating 
and  DHW,  renewable  energy  utilization,  waste  heat  recovery, 
thermal  energy  storage  and  the  miniaturization  of  AHPs. 

2.  Ammonia-based  absorption  working  fluids 

Among  ammonia-based  absorption  working  fluids,  NH3-H20  is 
the  most  widely  used.  Fig.  1  shows  a  schematic  of  a  basic  single- 
stage  AHP  cycle  that  uses  NH3-H20  as  the  working  fluid.  For  air 
conditioning  or  refrigeration,  the  coolant  passes  through  the  con¬ 
denser  and  absorber  to  remove  the  heat  produced  during  the 
absorption  and  condensation  process,  and  cold  water  is  produced 
in  the  evaporator.  For  heating  and  DHW,  the  hot  water  is  heated  to 
the  required  temperature  in  the  absorber  and  condenser,  and  low- 
grade  heat  is  extracted  from  the  wastewater,  ground  soil  or  ambient 
air  by  the  evaporator.  The  driving  heat  source  can  consist  of  hot 
water  or  steam  from  boilers,  waste  hot  water  in  industries  or  solar 
energy.  Because  the  boiling  points  of  the  refrigerant  NH3  (-77.7  C) 
and  the  absorbent  H20  (100  C)  are  relatively  similar,  a  rectifier  is 
necessary  in  an  absorption  system  to  guarantee  the  purity  of  the 
refrigerant  vapor  exiting  the  generator  (usually  no  lower  than 
99.8%);  otherwise,  the  performance  will  appreciably  degrade  [21]. 

2.1.  Various  ammonia-based  working  fluids 

Increasing  interest  in  absorption  heat  pumps  has  led  to 
research  on  new  working  fluids.  To  eliminate  the  rectifier  and 
simplify  the  structure  of  the  absorption  system,  certain  alternative 
working  fluids  have  been  studied  to  a  greater  extent.  The  most 
popular  substitutions  are  the  binary  ammonia-salt  solutions  of 
NH3-NaSCN  and  NH3-LiN03,  which  offer  the  advantages  of  high 
solubility  in  ammonia  and  no  corrosion  of  steel  [22],  Additionally, 
the  boiling  point  difference  between  the  refrigerant  and  absorbent 
is  sufficiently  large  that  the  generated  NH3  vapor  is  100%  pure,  and 
the  rectifier  shown  in  Fig.  1  can  be  eliminated  [23], 

Many  studies  on  binary  ammonia-based  working  fluids  have 
been  carried  out.  Davis  et  al.  [24]  tested  a  number  of  solutions 
with  different  concentrations  in  the  temperature  range  of  -  14  °C 


to  35  °C  to  select  good  absorbents  for  ammonia.  The  substances 
shown  in  Table  1  were  tested  with  positive  results.  Among  the 
substances  tested,  LiN03  appears  to  offer  the  highest  absorptive 
value.  Chinnappa  [25]  theoretically  and  experimentally  investi¬ 
gated  an  intermittent  absorption  refrigeration  cycle  employing 
NH3-H20  and  NH3-LiN03.  A  simplified  approximate  expression 
was  presented  for  the  theoretical  COP  of  both  working  fluids.  Best 
et  al.  presented  tables  of  flow  ratios,  the  Carnot  COP  and  the 
enthalpy-based  COP  under  possible  operating  temperatures  and 
concentrations  for  NH3-H20  [26-29],  NH3-LiN03  [30-33]  and 
NH3-NaSCN  [34-37]  absorption  systems  used  for  cooling  and  heat¬ 
ing.  Antonopoulos  and  Rogdakis  [38]  predicted  the  hourly  perfor¬ 
mance  of  solar-driven  NH3-LiN03  and  NH3-NaSCN  absorption 
systems  in  the  Athens  area.  Sun  [39]  simulated  the  performance 
of  single-stage  absorption  chillers  using  NH3-H20,  NH3-LiN03  and 
NH3-NaSCN  as  working  fluids,  indicating  that  NH3-LiN03  and  NH3- 
NaSCN  may  be  suitable  alternatives  to  NH3-H20  and  that  the 
performance  of  NH3-NaSCN  is  slightly  better  than  that  of  NH3- 
LiN03.  Venegas  et  al.  [40]  performed  simulations  of  double-stage  and 
triple-stage  absorption  systems  using  NH3-H20,  NH3-LiN03  and 
NH3-NaSCN  solutions,  with  the  adoption  of  a  low-temperature 
driving  heat  source  below  90  C  in  both  systems.  Rivera  and  Rivera 
[41  ]  presented  the  theoretical  performance  of  an  intermittent  solar 
absorption  refrigeration  system  operating  with  an  NH3-LiN03  mix¬ 
ture  and  concluded  that  the  overall  efficiency  of  the  system  was 
between  0.15  and  0.4  depending  on  the  generation  and  condensation 
temperatures.  Zhu  and  Gu  [42]  conducted  a  second-law-based 
thermodynamic  analysis  of  an  NH3-NaSCN  absorption  system.  The 
COP  and  exergetic  efficiency  of  the  absorption  system  were  calcu¬ 
lated  under  different  operating  conditions.  The  results  showed  that 
the  COP  increased  with  the  increase  of  the  heat  source  temperature 
and  decreased  with  the  increase  of  the  cooling  water  temperature, 
but  the  exergetic  efficiency  did  not  show  the  same  trends.  Rivera  and 
Best  [43]  described  the  experimental  results  obtained  regarding  the 
heat  transfer  in  forced  convective  boiling  for  NH3-H20  and  NH3- 
LiN03  mixtures  flowing  upward  in  a  uniformly  heated  vertical  tube. 
Heard  and  Ayala  [44]  studied  the  corrosion  of  carbon  steel  and 
stainless  steel  in  NH3-LiN03  for  a  series  of  concentration  and 
temperature  conditions  (from  50  °C  to  150  °C).  The  materials  studied 
were  found  suitable  for  the  construction  of  absorption  heat  pump 
equipment  for  this  working  mixture. 


Table  1 

Solubility  of  different  substances  in  ammonia  [24]. 


Substance 

nh4i 

NH4Br 

Ca(N03)2-4H20 

Zn(N03)2  H20 

NaN03 

Solubility 

Insoluble 

Insoluble 

Soluble 

Sludge  formed 

Insoluble 

Substance 

kno3 

Pb(N03)2 

LiN03 

HgN03 

U02  (N03)2  •  6H20 

Solubility 

Insoluble 

Insoluble 

Soluble 

Pasty  mass 

Deliquesces 

Substance 

Cu(N03)2 

nh4ci 

Pb(C2H302)2  3H20 

KI 

Nal 

Solubility 

Pasty  mass 

Insoluble 

Soft  mass 

Insoluble 

Partly  soluble 

Substance 

NaBr 

AgN03 

Lactose 

Sr(N03)2 

Solubility 

Insoluble 

Pasty  then  solid 

Insoluble 

Insoluble 
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In  addition,  ternary  working  fluids  have  also  been  taken  into 
consideration  to  overcome  the  shortcomings  of  traditional  NH3- 
H20  solutions,  with  NH3-H20-LiBr,  NH3-H20-LiN03  and  NH3- 
H20-hydroxide  as  the  typical  representatives. 

Compared  with  the  NH3-H20  system,  the  ternary  NH3-H20-salt 
mixture  reduces  the  amount  of  water  in  the  vapor  phase,  which 
implies  less  rectification  or  the  elimination  of  rectification.  In  addition, 
the  operating  pressure  of  the  ternary  NH3-H20-salt  absorption  system 
is  much  lower.  In  contrast  with  the  H20-LiBr  system,  the  vapor 
pressure  inside  the  NH3-H20-LiBr  system  would  be  non-negative. 
Mclinden  and  Radermacher  [45]  presented  a  theoretical  comparison 
of  the  operating  performance  of  NH3-H20  and  NH3-H20-LiBr  absorp¬ 
tion  heat  pumps.  The  results  showed  that  the  ternary  solution 
absorption  chillers  displayed  better  performance.  Ahlby  et  al.  [46] 
analyzed  the  performance  of  a  compression/absorption  chiller  with  an 
NH3-H20-LiBr  ternary  solution.  Compared  with  that  of  the  NH3-H20 
binary  system,  the  COP  of  the  ternary  system  was  better,  with  a 
maximum  increase  of  10%.  Wu  et  al.  [47]  researched  a  novel  NH3- 
H20-LiBr  absorption  refrigeration  and  air-conditioning  system  without 
a  solution  pump  or  distillation  equipment.  The  experimental  results 
showed  that  the  vapor  pressure  of  the  generator  was  lower  and  the 
COP  (with  the  same  mass  fraction  of  ammonia)  was  30%  higher 
compared  with  those  of  the  NH3-H20  system. 

The  heat  and  mass  transfer  in  the  absorber  of  the  NH3-LiN03 
system  are  limited  by  the  viscosity  of  the  salt  solutions.  An 
alternative  to  the  NH3-LiN03  mixture  is  the  NH3-H20-LiN03 
mixture,  which  shows  a  higher  conductivity  and  lower  viscosity 
[48],  Bokelmann  [49]  proposed  the  addition  of  water  to  the  binary 
NH3-LiN03  mixture  to  overcome  this  drawback.  Reiner  et  al.  [50] 
studied  the  use  of  the  ternary  NH3-H20-LiN03  mixture  for  GAX 
systems  as  an  alternative  for  the  NH3-H20  systems.  Sathyabhama 
[51]  measured  the  boiling  heat  transfer  coefficients  of  NH3-H20, 
NH3-H20-LiN03  and  NH3-H20-LiBr  mixtures.  The  experimental 
results  indicated  that  both  salts  were  effective  in  increasing 
the  heat  transfer  coefficient  of  the  NH3-H20  mixture.  For  an 
ammonia  mass  fraction  of  0.30,  a  high  concentration  of  LiBr  gives 
the  highest  heat  transfer  coefficient;  for  an  ammonia  mass  fraction 
of  0.25,  a  high  concentration  of  LiN03  gives  the  maximum  heat 
transfer  coefficient;  and  for  an  ammonia  mass  fraction  of  0.15, 
both  salts  are  equally  effective  in  increasing  the  heat  transfer 
coefficient. 

The  addition  of  hydroxide  to  NH3-H20  was  also  proposed  to 
decrease  the  amount  of  water  in  the  ammonia  vapor.  The  genera¬ 
tion  temperature  of  the  NH3-H20-hydroxide  system  can  be 
reduced  relative  to  that  of  the  NH3-H20  system.  Reiner  and 
Zaltash  [52,53]  investigated  ternary  NH3-H20  fluids  for  absorption 
cycles  to  identify  the  best  additives.  The  results  showed  that  LiBr, 
LiCl  and  LiN03  increase  the  boiling  temperature  relative  to  that  of 
the  standard  binary  solution  and  that  LiOH  and  KOH  decrease  it. 
The  authors  proposed  the  addition  of  hydroxides  to  the  conven¬ 
tional  NH3-H20  mixture  in  absorption  refrigeration  cycles  as  a 
method  to  increase  the  efficiency  and  reduce  the  driving  tem¬ 
perature  for  NH3-H20  refrigeration  cycles.  Steiu  et  al.  [54]  con¬ 
ducted  a  simulation  on  an  NH3-H20-NaOH  absorption  system 
using  experimental  data  to  calculate  the  vapor-liquid-equilibrium 
(VLE)  properties,  showing  that  the  COP  is  approximately  20% 
higher  than  that  of  a  conventional  NH3-H20  chiller  operating 
under  the  same  conditions.  Via  simulation,  Balamuru  et  al.  [55] 
investigated  the  overall  effects  of  using  the  working  fluid  NH3- 
H20-NaOH  on  the  performance  of  three  absorption  cycles.  The 
results  indicated  that  the  salting-out  effect  could  lower  the 
generator  operating  temperature  while  simultaneously  improving 
the  cycle  performance.  Nevertheless,  the  salt  will  tend  to  salt  out 
the  ammonia  from  the  absorber,  thereby  hindering  the  absorption, 
and  membrane  processes  were  considered  to  control  the  flow  of 
ions  from  the  generator  side  to  the  absorber  side.  Steiu  [56] 


LiBr 


NHg  Weight  Fraction  of  Water,  %  - — ■>  H^> 


Fig.  2.  Ternary  diagram  of  the  NH3-H20-LiBr  ternary  solution  [75],  (°  solubility 
data  ♦  triple  points) 


analyzed  the  technical  viability  of  separating  NaOH  from  NH3- 
H20-NaOH  mixtures  using  reverse-osmosis  membranes.  Using  an 
in-series  configuration  of  the  modules,  the  results  showed  that 
reverse-osmosis  technology  is  suitable  for  separating  NaOH  from 
the  ternary  mixtures  studied. 

2.2.  Thermodynamic  and  physical  properties 

The  thermodynamic  and  physical  properties  of  working  fluids 
are  highly  important  for  the  studies  of  absorption  chillers  and  heat 
pumps.  The  fitted  correlation  method  defines  the  property  for¬ 
mulas  of  working  fluids  by  fitting  experimental  data  and  both  an 
easily  programmable  and  time-efficient  method.  The  properties  of 
pure  ammonia  and  binary  and  ternary  ammonia  mixtures  will  be 
presented  in  this  work. 

2.2.1.  Pure  ammonia 

The  property  data  for  pure  NH3  can  be  obtained  from  NIST  [57], 
and  the  EES  [58]  software  also  uses  the  properties  from  the  NIST. 
To  improve  the  computation  speed,  easily  programmable  and 
time-efficient  property  correlations  must  be  achieved.  Cleland 
[59]  proposed  a  property  calculation  method  in  the  form  of 
curve-fitted  equations  to  achieve  higher  computation  speed.  The 
proposed  equations  cover  R12,  R22,  R114,  R502,  NH3  and  a  wide 
range  of  practical  conditions  with  an  accuracy  adequate  for  many 
practical  situations.  Sun  [39]  fitted  the  phase  equilibrium  pressure 
and  the  specific  enthalpies  of  saturated  liquid  and  vapor  NH3 
(expressed  in  terms  of  temperature)  with  source  data  taken  from 
the  ASHRAE  handbook  [60].  The  VLE  relations  and  enthalpy 
correlations  of  pure  NH3  provided  by  Sun  and  Cleland  are  listed 
in  Appendix  A.l  and  A.2. 

2.2.2.  Binaiy  working  fluids 
(1)  NH3-H20 

In  the  study  of  the  performance  of  intermittent  solar  refrigerators, 

El-Shaarawi  and  Al-Nimrused  [61]  used  the  Gibbs  free  energy  to 
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develop  property  equations  suitable  for  use  with  computers. 
Schulz  [62]  published  the  correlations  of  NH3-H20  for  saturated 
liquid  and  gas  phases  over  a  temperature  range  of  -  73  °C  to 
177  °C  and  a  pressure  range  of  0.9807  kPa  to  2.452  MPa.  The 
calculation  results  were  satisfactory,  and  the  equations  were 
widely  used  for  computational  calculation.  The  property  equations 
of  Schulz  were  given  in  the  form  of  Gibbs  functions.  Ziegler  et  al. 
[63]  extended  Schulz's  correlations  to  a  temperature  of  227  °C  and 
a  pressure  of  5  MPa.  The  values  of  the  specific  volume,  vapor 
pressure,  enthalpies  and  equilibrium  constants  are  presented  for 
mixtures  in  the  form  of  vapor  pressure  and  enthalpy- 
concentration  diagrams.  Yokozeki  [64]  demonstrated  a  thermo¬ 
dynamically  consistent  model  based  on  the  EOS  for  refrigerant- 
absorbent  mixtures.  The  experimental  data  for  the  VLE  of  various 
binary  pairs  (including  NH3-H20)  were  analyzed  to  determine  the 
EOS  parameters  using  the  Redlich-Kwong  equation,  with  average 
absolute  relative  deviations  less  than  2%  for  good-quality  VLE  data. 
Mejbri  [65]  compared  three  different  approaches  to  formulate  the 
thermodynamic  properties  of  the  NH3-H20  mixture.  Patek  et  al. 
[66]  presented  five  equations  describing  the  VLE  properties  of 
NH3-H20  by  fitting  critically  assessed  experimental  data  using 
simple  functional  forms.  Sun  [39]  presented  the  polynomial 
equations  of  PTX  and  HTX  for  an  NH3-H20  mixture  with  good 
accuracy.  The  main  thermodynamic  and  physical  property  corre¬ 
lations  of  NH3-H20  provided  by  Schulz,  Patek  and  Sun  are 
presented  in  Appendix  B.l,  B.2  and  B.3. 


(2)  NH3-LiN03 

Aggarwal  [67]  presented  the  experimentally  thermodynamic 
property  data  for  0-70%  LiN03  over  a  temperature  range  of 
-25°C  to  156  °C  and  up  to  pressures  of  2.2  MPa.  The  PTX 
correlations  were  developed,  and  the  enthalpy  of  solution, 
latent  heat  of  vaporization,  integral  heat  of  solution,  and 
differential  heat  of  solution  were  presented  in  the  appropriate 
tabular  and  graphical  forms.  Infante  Ferreira  [68]  presented 
comprehensive  research  on  the  thermodynamic  and  physical 
properties  of  NH3-LiN03.  The  correlations  were  fitted  from 
experimental  data  and  included  the  crystallization  boundaries, 
viscosities  of  solution,  heats  of  solution,  densities,  heat  capacities, 
thermal  conductivities  and  enthalpies.  Using  a  static  method, 
Libotean  et  al.  [69,70]  measured  the  vapor  pressure,  density, 
dynamic  viscosity  and  heat  capacity  of  NH3-LiN03  mixtures  from 
20  "C  to  80  C  with  ammonia  mass  fractions  ranging  from  20%  to 
60%.  The  main  thermodynamic  and  physical  property  correla¬ 
tions  of  NH3-LiN03  provided  by  Infante  Ferreira  and  Libotean  are 
presented  in  Appendix  C.l  and  C.2. 

(3)  NH3-NaSCN 

Rogdakis  and  Antonopoulos  [71]  presented  the  thermody¬ 
namic  properties  of  NH3-NaSCN.  A  nomograph  was  also 
presented  that  showed  the  behavior  of  the  NH3-NaSCN  system 
in  a  compact  form  and  allowed  direct  estimation  of  its  main 
characteristics.  Shrirang  [72]  experimentally  measured  several 
thermo-physical  properties  of  NH3-NaSCN  mixtures  at  several 


Table  2 

Characteristics  and  properties  of  ammonia-based  absorption  working  fluids. 


Working  fluid 

Advantages  and  disadvantages 

Properties  in  literature 

Binary 

nh3-h2o 

Advantages: 

Can  operate  under  low  evaporation  temperatures:  Has  no  crystallization  or 
vacuum  problems. 

Disadvantages: 

Rectifier  leads  to  complex  design  and  large  loss. 

[39]  Equations  of  PTX  and  HTX 

[62]  Gibbs  free  energy,  VLE  correlation,  enthalpy  for  liquid  and  gas  phase 

[63]  Specific  volume,  vapor  pressure,  enthalpies  and  equilibrium 
constants 

[64,66]  VLE  relations 

[65]  VLE,  density,  vaporization  heat 

NH3-UN03 

Advantages: 

Rectifier  can  be  eliminated:  High  solubility  in  ammonia  and  no  corrosion 
to  steel:  Lower  driving  temperature  and  better  performance  than 

nh3-h2o. 

Disadvantages: 

Performance  is  limited  by  high  viscosity  of  salt  solutions. 

[67]  PTX,  vaporization  heat,  integral  and  differential  heat  of  solution;  [68] 
VLE,  enthalpy,  density,  viscosity,  thermal  conductivity,  specific  heat, 
crystallization  line;  [69,70]  vapor  pressure,  density,  dynamic  viscosity, 
and  heat  capacity 

NH3-NaSCN 

Advantages: 

Rectifier  can  be  eliminated:  High  solubility  in  ammonia  and  no  corrosion 
to  steel:  Lower  driving  temperature  and  better  performance  than 

nh3-h2o. 

Disadvantages: 

Crystallization  may  occur  at  low  evaporation  temperatures. 

[22]  Solubility,  density,  vapor  pressure,  viscosity,  thermal  conductance, 
heat  of  solution  and  heat  Capacity;  [68]  VLE,  enthalpy,  density,  viscosity, 
thermal  conductivity,  specific  heat,  crystallization  line;  [72]  VLE,  density, 
dynamic  viscosity,  isobaric  heat  capacity 

Ternary 

nh3-h2o- 

Advantages: 

[69]  VLE  characteristics;  [70]  Density,  dynamic  viscosity,  and  heat 

LiN03 

Higher  heat  transfer  coefficient  and  lower  viscosity  than  binary  mixtures: 
Lower  vapor  pressure  and  lower  water  content  in  the  refrigerant  vapor. 

Disadvantages: 

Boiling  temperature  is  higher  than  binary  mixtures 

capacity 

nh3-h2o- 

LiBr 

Advantages: 

Higher  heat  transfer  coefficient  and  better  performance  than  binary 
mixtures;  Lower  vapor  pressure  and  lower  water  content  in  the 
refrigerant  vapor. 

Disadvantages: 

Boiling  temperature  is  higher  than  binary  mixtures 

[47,73,74,76]  VLE  characteristics;  [75]  Triple  line  and  crystallization  line 

nh3-h2o- 

XOH 

Advantages: 

Higher  efficiency  and  lower  driving  temperature  than  NH3-H20  cycles; 
Lower  vapor  pressure  and  lower  water  content  in  the  refrigerant  vapor. 

Disadvantages: 

Salt  will  tend  to  salt  out  ammonia  from  the  absorber  and  lead  to  a  bad 
absorption  process. 

[78,79]  VLE  characteristics;  [80]  Heat  capacity  and  density 
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temperatures:  density  from  -3.8  °C  to  77.8  °C,  dynamic  visc¬ 
osity  from  -  3.4  °C  to  96.4  C,  isobaric  heat  capacity  from  3  °C 
to  91  °C  and  VLE  data  from  -20  °C  to  120  °C.  All  properties 
were  measured  in  a  range  of  compositions  from  35%  to  90%  by 
ammonia  mass  fraction,  were  correlated  as  a  function  of 
temperature  and  composition  using  empirical  equations  and 
were  compared  with  the  literature  values,  infante  Ferreira  [68] 
presented  property  correlations  of  NH3-NaSCN  fitted  from 
experimental  data.  The  main  thermodynamic  and  physical 
property  correlations  of  NH3-NaSCN  provided  by  Infante 
Ferreira  and  Shrirang  are  presented  in  Appendix  D.l  and  D.2. 


results  were  well  correlated  with  the  temperature  and  mass 
concentration  using  analytical  polynomial  equations  [80],  The 
VLE  relations  and  property  correlations  of  NH3-H20-Na0H 
and  NH3-H20-K0H  provided  by  Salavera  are  listed  in 
Appendix  E.2. 

The  advantages  and  disadvantages  of  ammonia-based  absorp¬ 
tion  working  fluids  and  their  thermodynamic  and  physical  proper¬ 
ties  in  the  published  literature  are  summarized  in  Table  2.  It  is 
clear  that  the  properties  of  ternary  working  fluids  have  been 
researched  to  a  much  lesser  degree  compared  with  those  of  binary 
mixtures. 


2.2.3.  Ternary  working  fluids 

(1)  NH3-H20-LiBr 

Peters  et  al.  [73]  conducted  an  experimental  investigation  of 
the  VLE  characteristics  of  a  NH3-H20-LiBr  ternary  solution  at 
temperatures  ranging  from  30  °C  to  150  °C  and  pressures 
ranging  from  0.1  MPa  to  1.5  MPa.  The  salt  concentration  in 
the  liquid  phase  was  chosen  from  the  range  of  5-60%  of  the 
mass  ratio  of  LiBr  in  pure  water.  Later,  Peters  et  al.  [74] 
developed  a  quasi-chemical  reaction  model  to  correlate  the 
VLE  data  for  the  NH3-H20-LiBr  system  at  temperatures  ran¬ 
ging  from  30  °C  to  200  °C  and  at  pressures  up  to  2.0  MPa.  The 
activities  of  the  various  components  in  the  liquid  phase  were 
modeled  using  the  NRTL  equation.  This  group  also  measured 
the  solid-liquid  equilibrium  at  ambient  pressure  and  the 
solid-liquid-vapor  equilibrium  at  T=  30  "C  in  the  NH3-H20- 
LiBr  system.  Fig.  2  presents  a  ternary  phase  diagram  of  the 
system  at  T=  30  °C,  showing  its  triple  line  and  crystallization 
line  [75],  Crystallization  may  occur  in  the  NH3-H20-LiBr 
system,  but  the  limit  concentration  of  LiBr  will  be  higher  than 
in  the  H20-LiBr  system  at  the  same  solution  temperature.  Wu 
et  al.  [47,76]  carried  out  an  experimental  investigation  of  the 
VLE  characteristics  of  an  NH3-H20-LiBr  ternary  solution  over  a 
temperatures  range  of  15-85  °C  and  pressures  up  to  2.0  MPa. 
The  LiBr  concentration  of  the  solution  was  chosen  in  the  mass 
ratio  range  of  5-60%  LiBr  in  pure  water.  The  PTX  relations  were 
presented  in  the  form  of  tables  and  graphs. 

(2)  NH3-H20-LiN03 

Using  a  static  method,  Libotean  et  al.  [69]  measured  the  vapor 
pressure  of  NH3-H20-LiN03  mixtures  from  20  DC  to  80  °C  for 
ammonia  mass  fractions  ranging  from  20%  to  60%.  This  group 
also  measured  the  density,  dynamic  viscosity  and  heat  capa¬ 
city  of  NH3-H20-LiN03  mixtures  between  20  °C  and  80  °C  at 
1.8  MPa  using  a  vibrating-tube  densimeter,  a  piston-style 
viscometer  and  a  heat  flux  Calvet-type  calorimeter,  respec¬ 
tively  [70],  The  measured  data  were  correlated  as  a  function  of 
temperature  and  composition  using  simple  polynomial  equa¬ 
tions.  The  VLE  relations  and  property  correlations  of  NH3- 
H20-LiN03  provided  by  Libotean  are  listed  in  Appendix  E.l. 

(3)  NH3-H20-hydroxide 

The  built-in  thermodynamic  property  data  in  the  ASPEN  soft¬ 
ware  can  be  applied  for  NH3-H20-hydroxide  mixtures  [77], 
and  Balamuru  et  al.  [55]  numerically  solved  the  model  of  an 
NH3-H20-NaOH  absorption  cycle  using  this  program. 
Brasset  al.  [78]  used  a  static  method  to  obtain  the  VLE  data 
for  NH3-H20-NaOH  and  NH3-H20-KOH  absorption  systems  at 
temperatures  of  30  °C  and  45  °C,  pressures  ranging  from 
0.1  MPa  to  1.3  MPa  and  salt  concentrations  in  the  range  of  2- 
60%  in  water.  Salavera  et  al.  [79]  measured  the  VLE  data  of 
NH3-H20-NaOH  and  NH3-H20-KOH  mixtures  from  20  C  to 
80  °C  using  a  static  method;  they  also  studied  the  heat 
capacity  and  density  between  20  °C  and  80  °C  at  a  constant 
pressure  of  1.8  MPa  for  both  solutions.  All  of  the  experimental 


3.  Subfreezing  refrigeration 

In  the  refrigeration  field,  many  applications  exist  that  require 
cooling  effects  at  low  temperatures,  such  as  freezing  processes, 
ice-making  and  cold  storage.  In  principle,  ammonia-based  absorp¬ 
tion  chillers  could  operate  at  temperatures  well  below  the  usual 
air-conditioning  temperatures,  which  may  be  useful  for  sub-zero 
refrigeration  applications  and  represents  one  of  the  main  advan¬ 
tages  of  ammonia-based  over  water-based  working  fluids.  Based 
on  absorption  cycles,  subfreezing  refrigeration  is  divided  into  basic 
absorption  refrigeration  and  advanced  absorption  refrigeration. 
The  advanced  cycles  are  commonly  used  to  obtain  lower  refrig¬ 
eration  temperatures  than  those  of  the  basic  absorption  cycles. 

3.3.  Basic  absorption  refrigeration 

Lazzarin  et  al.  [81  ]  studied  the  possibility  of  an  air-cooled  NH3- 
H20  refrigerator  and  compared  the  results  with  the  experimental 
data  supplied  by  a  manufacturer.  Clerx  and  Trezek  [82]  performed 
a  computer-aided  thermodynamic  analysis  of  a  solar-assisted 
NH3-H20  absorption  ice-making  unit  at  subfreezing  evaporator 
conditions  for  various  ranges  of  operation  parameters,  three 
climatic  locations  and  four  solar  collector  types  and  compared 
the  performance  and  cost  of  different  systems.  Moreno-Quintanar 
[83]  developed  a  solar  absorption  refrigeration  system  for  ice 
production  using  NH3-LiN03  and  NH3-LiN03-H20  as  the  working 
fluids.  The  system  was  designed  to  produce  up  to  8  kg  of  ice  per 
day,  and  evaporation  temperatures  as  low  as  -  8  °C  were  obtained 
for  a  time  period  of  8  h.  Tests  indicated  that  with  the  ternary 
mixture,  the  COP  could  reach  a  value  up  to  24%  higher  than  that  of 
the  binary  mixture,  varying  from  0.066  to  0.093.  Colonna  and 
Gabrielli  [84]  presented  a  thermodynamic  study  of  tri-generation 
configurations,  with  NH3-H20  absorption  refrigeration  plants 


Stage  1 
(LiBr-H20) 


Stage  1 
(H20-NH3) 


Cooling  space 


Fig.  3.  Double-stage  cascade  dual-fluid  absorption  refrigeration  system  [87]. 
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coupled  to  internal  combustion  engines  or  turbo-generators  to 
simultaneously  provide  electricity  and  refrigeration  at  low  tem¬ 
peratures.  Bassols  et  al.  [85]  studied  the  combination  of  a  NH3- 
H20  absorption  refrigeration  with  a  co-generation  plant  for 
low-temperature  cooling  between  -15°C  and  —  55  °C  for  the 
food  industry. 

3.2.  Advanced  absorption  refrigeration 

Realistically,  a  large  number  of  deep-freezing  demands  at 
temperatures  below  -  20  °C  are  presented  in  many  industrial 
processes,  including  the  food  industry,  the  pharmaceutical  indus¬ 
try  and  in  chemical  engineering  [86],  Advanced  absorption  cycles 
could  be  applied  to  meet  the  low-temperature  demand  for  such 
applications  as  the  double-stage  cascade  cycle,  the  double-stage 
absorption  cycle  and  hybrid  absorption/compression  cycle. 

In  the  double-stage  cascade  cycles,  the  evaporator  of  the  first 
stage  produces  cooling  water,  which  is  circulated  in  the  absorber 
and  condenser  of  the  second  stage.  Double-stage  cascade  systems 
can  be  used  for  the  production  of  notably  low  temperatures  with 
the  use  of  moderate  generation  temperatures  in  the  first  stage. 
Kaushik  and  Kumar  [87]  presented  a  thermodynamic  assessment 
of  a  double-stage  cascade  dual-fluid  absorption  refrigeration 
system  using  H20-LiBr  and  NH3-H20  as  the  working  fluids  in 
the  first  and  second  stage,  respectively,  as  shown  in  Fig.  3.  Both 
stages  were  assumed  to  operate  with  hot  water  available  from 
separate  solar  collectors.  The  results  showed  that  the  COP  of  a 
double-stage  cascade  system  is  lower  than  that  of  a  single-stage 
system;  however,  the  second  stage  can  be  operated  at  lower 


ABSORPTION  SYSTEM.  HIGH  TEMPERATURE  STAGE. 


COMPRESSION  SYSTEM.  LOW  TEMPERATURE  STAGE. 

Fig.  4.  Schematic  of  the  compression-absorption  cascade  refrigeration  system  [91  ]. 


generation  temperatures  [88],  This  group  also  investigated  a 
double-stage  cascade  absorption  system  with  NH3-H20  and 
NH3-LiN03  and  observed  that  the  COP  is  higher  for  NH3-LiN03 
than  for  NH3-H20,  in  both  the  single-stage  and  double-stage 
cascade  absorption  systems,  especially  at  higher  generation  tem¬ 
peratures  [89],  Rogdakis  and  Antonopoulos  [90]  studied  a  NH3- 
H20  cascade  absorption  refrigeration  system,  which  can  be  used 
to  produce  refrigeration  temperatures  as  low  as  -  70  °C.  For  an 
ambient  temperature  of  10  “C,  the  theoretical  COP  ranged  from 
0.20  to  0.65  when  the  lowest  temperatures  ranged  from  -  70  "C  to 
-30  C.  Fernandez-Seara  [91]  analyzed  a  cascade  refrigeration 
system  that  used  a  compression  cycle  in  the  low-temperature 


Fig.  5.  Schematic  of  the  double-stage  absorption  refrigeration  system  [92]. 


Desorber 
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stage  and  an  absorption  cycle  in  the  high-temperature  stage  to 
generate  cooling  at  low  temperatures.  For  the  refrigerants,  C02  and 
NH3  were  considered  in  the  compression  stage  and  NH3-H20  was 
considered  in  the  absorption  stage.  Both  stages  share  a  heat 
exchanger,  which  operates  simultaneously  with  the  condenser  of 
the  compression  system  and  the  evaporator  of  the  absorption 
system,  as  shown  in  Fig.  4. 

In  the  double-stage  cycles  (also  referred  to  as  the  half-effect 
cycles),  the  vapor  created  in  the  generator  of  the  low-pressure 
stage  enters  the  absorber  of  the  high-pressure  stage,  as  shown  in 
Fig.  5  [92],  The  double-stage  configuration  is  able  to  operate  at 
considerably  lower  generation  and  evaporation  temperatures  than 
the  single-stage  cycle  system  but  at  the  cost  of  a  lower  COP.  The 
double-stage  H20-NH3  absorption  cycle  is  commonly  used  for 
refrigeration  with  low  evaporation  temperatures  [20].  Venegas 
et  al.  [40]  simulated  double-stage  absorption  systems  driven  by 
low-temperature  heat  at  low  evaporation  temperatures.  The 
results  showed  that  the  NH3-LiN03  solution  operated  with  a  COP 
of  0.32,  the  H20-NF13  operated  with  a  COP  of  0.29  and  the  NH3- 
NaSCN  operated  with  a  COP  of  0.27  when  the  evaporation,  con¬ 
densation  and  generation  temperatures  were  - 15  °C,  40  C  and 
90  C,  respectively.  In  this  research,  the  evaporation  temperatures 
ranged  between  -40°C  and  0  °C.  Arzoz  et  al.  [93]  reported  the 
successful  operation  of  a  3-kW  double-stage  LiN03-NH3  absorption 
machine  using  low-temperature  solar  heat.  A  COP  of  0.27  was 
obtained  with  a  heat  source  temperature  of  90  C  for  an  evaporation 
temperature  of  - 15  °C  and  a  condensation  temperature  of  45  DC. 

Absorption/compression  cycles  can  be  also  used  for  low- 
temperature  refrigeration  applications,  and  absorption/compres¬ 
sion  coupled  with  GAX  (generator  absorber  heat  exchange)  is  able 
to  achieve  better  performance.  The  concept  of  an  absorption/ 
compression  GAX  cycle  is  illustrated  in  Fig.  6  [94],  The  absorber 
pressure  is  able  to  maintain  the  same  pressure  as  that  of  the 
standard  GAX  cycle,  whereas  the  evaporator  pressure  becomes 
lower  than  the  absorber  pressure,  leading  to  a  low  evaporation 
temperature.  Kumar  and  Udayakumar  conducted  simulation  stu¬ 
dies  on  an  absorption/compression  GAX  cycle  using  NH3-H20,  and 
the  de-gassing  range  of  the  cycle  was  optimized  for  maximum  COP 
[95],  This  group  also  studied  the  effect  of  the  compressor  pressure 
ratio  on  an  absorption/compression  GAX  cooler  with  a  capacity  of 
3.514  kW.  The  low-side  pressure  ratio  of  the  cycle  was  optimized 
for  an  optimum  COP  [94],  Kang  et  al.  [96]  observed  that  an 
evaporation  temperature  of  -  50  °C  can  be  obtained  from  the 


absorption/compression  GAX  cycle  with  a  COP  of  0.58,  which  is 
much  higher  than  that  of  the  conventional  vapor  compression 
cycle  for  low-temperature  applications. 

The  subfreezing  refrigeration  systems  with  different  absorption 
cycles  using  various  working  fluids  are  summarized  in  Table  3.  For 
single-stage  absorption  systems,  the  evaporation  temperatures  lie 
primarily  in  the  range  of  -  30  °C  to  -  5  °C  and  can  reach  as  low  as 
-  70  C  for  advanced  absorption  refrigeration  systems. 


4.  Heating  and  domestic  hot  water 

Most  of  the  research  on  ammonia-based  absorption  systems 
has  focused  on  cooling  and  refrigeration;  however,  a  gas-fired 
absorption  chiller  can  also  produce  hot  water  for  heating  and 
DHW.  In  this  situation,  the  absorption  cycle  acts  as  a  gas  boiler 
rather  than  a  heat  pump  cycle.  From  an  energy  conservation  point 
of  view,  the  AHP  cycle  should  be  adopted  to  provide  heating  and 
DHW  due  to  its  high  primary  energy  efficiency.  However,  when 
operating  in  heat  pump  mode,  the  crystallization  of  H20-LiBr  due 
to  the  higher  condensation  and  absorption  temperatures  may  be  a 


Solution 


Fig.  7.  Schematic  of  the  compression/absorption  heat  pump  [98]. 


Table  3 

Summary  of  subfreezing  refrigeration  for  different  absorption  cycles. 


Cycle 

Evaporation  temperature 

COP 

Working  fluid 

Reference 

Single-stage 

-30  to  5°C 

0.25-0.55 

nh3-h2o 

Lazzarinet  al.  [81] 

- 18  to  3  °C 

0.49-0.58 

nh3-h2o 

Clerx  and  Trezek  [82] 

—  8  °C 

Solar  COP 
0.066-0.093 

NH3-LiN03 

NH3-LiN03-H20 

Moreno-Quintanar  [83] 

-10°C 

0.60 

nh3-h2o 

Colonna  and  Gabrielli  [84] 

-30  to  10  °C 

/ 

nh3-h2o 

Bassolset  al.  [85] 

Double-stage  cascade 

-20  to  0  °C 

0.17-0.31 

Stage  1 :  H20-LiBr 

Stage  2:  NH3-H20 

Kaushik  and  Kumar  [87,88] 

-20  to  0  °C 

Approx.  0.25 

nh3-h2o 

NH3-LiN03 

Kaushik  and  Kumar  [89] 

-70  to  -30  °C 

0.20-0.65 

nh3-h2o 

Rogdakis  and  Antonopoulos  [90] 

-45  °C 

0.25 

Stage  1 :  NH3-H20 

Stage  2:  C02/NH3 

Fernandez-Seara  [91] 

Double-stage 

0.32 

NH3-LiN03 

-15  to  0  °C 

0.29 

h2o-nh3 

Venegas  et  al.  [40] 

0.27 

NH3-NaSCN 

-15  °C 

0.27 

NH3-LiN03 

Arzoz  et  al.  [93] 

Absorption/compression 

-10°C 

1.00 

nh3-h2o 

Kumar  and  Udayakumar[  94,95] 

-50  °C 

0.58 

nh3-h2o 

Kang  et  al.  [96] 
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problem,  which  suggests  the  use  of  ammonia-based  solutions  as 
potential  alternative  working  fluids.  Additionally,  the  low  freezing 
point  of  NH3  makes  the  ammonia-based  fluids  promising  for 
air-source  absorption  heat  pumps  (ASAHP)  and  ground-source 
absorption  heat  pumps  (GSAHP),  especially  in  cold  regions. 

4.1.  Compression/absorption  heat  pump  (CAHP) 

The  CAHP  systems  had  been  previously  proposed  for  heat 
pump  applications,  which  were  regarded  as  potential  alternatives 
to  the  conventional  vapor  compression  and  vapor  absorption 
systems  due  to  their  unique  features  [97].  A  typical  schematic  of 
a  CAHP  is  shown  in  Fig.  7  [98],  The  evaporator  and  the  condenser 
are  replaced  by  a  generator  (desorber)  and  an  absorber  in  a 
process  also  known  as  the  resorption/compression  cycle  [99], 
The  desorber  operates  at  low  pressure  and  removes  heat  from  the 
ambient  fluid,  and  during  absorption,  the  absorber  releases  the  heat 
to  heat  the  space.  In  this  configuration,  the  system  can  be  operated 
at  a  much  lower  pressure  and  a  higher  required  temperature  of  the 
hot  water  compared  with  the  conventional  vapor  compression  heat 
pump.  Consequently,  CAHP  systems  are  suitable  for  large  tempera¬ 
ture  variations  and  high-temperature  applications  [100]. 

Tariquea  and  Siddiqui  [101]  carried  out  a  performance  study 
and  an  economic  analysis  of  a  CAHP  system  with  an  NH3-NaSCN 


solution  and  compared  it  with  that  of  pure  NH3  in  the  compres¬ 
sion  cycle  under  various  operating  conditions.  The  performance, 
specific  compressor  displacement,  electricity  costs  and  capital 
costs  were  studied  with  the  pressure  ratios  and  heating  tempera¬ 
tures  treated  as  the  variables.  The  capital  costs  and  operating  costs 
of  the  compressors  with  NH3-NaSCN  were  highly  reduced  com¬ 
pared  with  those  of  the  compression  cycle.  The  performance  of 
NH3-NaSCN  in  the  combined  cycle  for  a  fixed  value  of  the  heating 
temperature  was  nearly  30-60%  higher  than  that  in  the  compres¬ 
sion  cycle. 

Hulten  and  Berntsson  [98]  compared  the  COP  of  an  NH3-H20 
CAHP  and  isobutene  compression  heat  pump  for  various  heating 
applications  with  a  specified  investment  level.  Typical  industrial  or 
district  heating  cases  were  chosen  to  study  the  impact  of  different 
temperature  lifts  and  the  glide  of  the  heat  sink  and  source.  The 
results  showed  that  the  CAHP  displayed  a  12%  better  performance 
than  the  compression  heat  pump  when  the  glide  of  the  sink  and 
source  increased  to  20  C.  Certain  COP-increasing  design  para¬ 
meters  for  further  study  were  brought  forward  for  the  CAHP.  In 
another  work,  this  same  group  modified  the  CAHP  and  increased 
the  COP  by  10%.  The  improved  design  displayed  a  lower  optimal 
absorber  glide  and  reduced  solution  heat  exchanger  sizes.  The 
performance  of  the  CAHP  was  studied  for  five  heating  cases  and 
was  compared  with  that  of  a  two-stage  compression  heat  pump 


PHXD  plate  heat  exchanger  UH  users  PHXD  plate  heat  exchanger  IHXH  intermediary  heat  exchanger 

ASAHP  □  air  source  absorption  heat  pump  ASAHP  J  air  source  absorption  heat  pump  UD  users 


Fig.  8.  Schematic  of  the  ASAHP  combined  with  conventional  heating  systems  [103]. 


•  ottivo  defrosting 


Fig.  9.  Gas-fired  ASAHP  [104]. 
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ground 


Fig.  10.  Schematic  of  the  GSAHP  [105], 


Fig.  11.  Gas-fired  GSAHP  [104], 

based  on  an  approximately  equal  investment  cost.  When  both  the 
sink  and  the  source  temperature  glide  were  large  ( >  20  °C),  the 
CAHP  yielded  superior  performance  [102], 

4.2.  Air/ground  source  absorption  heat  pump  (ASAHP/GSAHP) 

Recently,  the  ASAHP  and  GSAHP  were  applied  for  heating 
and  domestic  hot  water  in  both  experimental  studies  and  in  real 
products.  Li  et  al.  proposed  a  heating  system  based  on  the  ASAHP 
aimed  at  improving  the  energy  efficiency  and  decreasing  the 
emission  of  pollution  in  the  process  of  producing  low-temperature 
hot  water  (Fig.  8)  [103].  High-temperature  hot  water  from  the  boiler 
(or  the  district  heating  network)  was  used  to  drive  the  AHP  instead 
of  being  supplied  to  users  directly,  and  the  amount  of  heat  could  be 
increased  because  the  evaporator  is  able  to  extract  low-grade  heat 
from  the  ambient  air.  The  performances  of  the  ASAHP  using  H20/LiBr 
and  NH3/LiN03  as  the  working  fluids  were  simulated  at  different 
ambient  temperatures.  Next,  the  energy-saving  potential  was  ana¬ 
lyzed  for  the  proposed  system  as  applied  in  four  typical  Chinese 
cities.  The  results  indicated  that  the  ASAHP  can  provide  energy 
conservation  rates  of  18%,  28.5%,  37%  and  42%  in  Shenyang,  Beijing, 
Shanghai  and  Guangzhou,  respectively,  demonstrating  a  great  poten¬ 
tial  for  future  applications  of  low-temperature  hot  water. 

Wu  et  al.  [23]  explored  the  suitable  working  pair  and  cycle 
configuration  for  heating  and  domestic  hot  water  in  cold  regions; 
single-stage  and  double-stage  ASAHP/GSAHP  using  NH3-H20, 
NH3-LiN03  and  NH3-NaSCN  were  also  studied  in  this  work.  The 
results  indicated  that  NH3-LiN03  required  a  lower  generation 
temperature  and  could  operate  at  a  lower  evaporation  tempera¬ 
ture  and  higher  condensation  temperature  than  other  solutions.  In 


addition,  the  double-stage  ASAHP/GSAHP  is  advantageous  over  the 
single-stage  ASAHP/GSAHP  in  the  use  of  a  low-temperature  driving 
source,  the  ability  to  operate  in  cold  climates  and  the  production 
of  higher-temperature  hot  water.  Finally,  the  applicability  of  different 
ASAHP/GSAHP  cycles  using  different  working  pairs  was  analyzed  in 
different  cold  regions.  An  Italian  company  developed  a  gas-fired 
ASAHP  with  a  capacity  of  38.4  kW  (Fig.  9)  that  can  produce  hot  water 
from  40  °C  to  50  C  for  building  heating,  and  the  heat  pump 
performance  has  a  low  sensitivity  to  the  outdoor  air  temperature 
[104], 

Fig.  10  shows  a  schematic  of  the  GSAHP.  Compared  with  the 
ground  source  electrical  heat  pump  (GSEHP),  the  system  extracts 
less  heat  from  and  rejects  more  heat  to  the  soil,  which  can  reduce 
the  ground  thermal  imbalance  of  heating-dominant  areas.  There¬ 
fore,  the  GSAHP  may  be  a  potentially  useful  system  for  heating  and 
domestic  hot  water  applications  in  cold  regions  [105], 

For  heating-dominant  or  heating-only  buildings,  the  soil  tem¬ 
perature  around  the  ground  heat  exchanger  will  decrease  gradu¬ 
ally  after  continuous  heat  extraction  in  the  heating  season,  which 
will  consequently  lead  to  performance  degradation  of  the  AHP.  Wu 
et  al.  [106]  proposed  a  hybrid  system  combining  direct  radiator 
cooling  with  a  GSAHP  using  different  working  fluids.  The  average 
soil  temperature  and  the  outlet  water  temperature  of  the  borehole 
were  simulated  dynamically.  The  results  showed  that  the  perfor¬ 
mance  could  be  effectively  improved  by  direct  radiator  cooling  for 
all  working  pairs.  The  NH3-LiN03  produced  the  best  and  most 
stable  performance,  whereas  the  COP  of  NH3-H20  and  NH3- 
NaSCN  obviously  decreased  year  by  year  with  no  cooling.  The 
Italian  company  also  developed  a  gas-fired  GSAHP  with  a  capacity 
of  42.6  kW  (Fig.  11)  and  a  nominal  efficiency  of  170%  by  means  of 
heat  recovery  from  a  renewable  source.  This  system  can  produce  a 
60%  reduction  in  the  borehole  length  compared  with  that  of  the 
GSEHP  system. 


5.  Renewable  and  waste  energy  utilization 

The  use  of  renewable  energy  and  the  recovery  of  waste  energy 
are  unique  strengths  of  the  absorption  refrigeration  and  heat 
pump  systems  because  they  can  be  directly  driven  by  low-grade 
heat  sources.  The  use  of  solar  energy,  geothermal  energy,  biomass 
energy  and  waste  energy  by  the  absorption  cycles  will  be  pre¬ 
sented  in  the  following  sections. 
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5.1.  Solar  energy 

The  concept  of  solar  cooling  in  buildings  is  appealing  because  it 
is  one  important  contribution  for  the  reduction  of  fossil  fuel 
consumption  and  harmful  emissions  to  the  environment,  and  it 
is  also  quite  attractive  due  to  its  low  operating  cost. 


5.1.1.  Basic  absorption  cycle 

Certain  analyses  have  been  carried  out  to  compare  the  differences 
between  solar  absorption  cooling  systems  using  H20-LiBr  and  those 
using  NH3-H20.  Wilbur  and  Manchini  [107]  simulated  a  solar- 
powered  absorption  air-conditioning  system  consisting  of  conven¬ 
tional  flat  plate  and  evacuated  tube  collectors,  a  wet  cooling  tower  and 
dry  cooling  towers  and  H20-LiBr  and  NH3-H20  as  the  working  fluids 
for  the  application  of  hot  water,  chilled  water  or  refrigerant  storage.  As 
a  working  fluid,  H20-LiBr  was  shown  to  be  superior  to  NH3-H20. 
Ahmet  Karakas  et  al.  [108]  presented  an  availability  analysis  for  each 
component  in  the  solar  absorption  cooling  cycles  using  H20-LiBr  and 
NH3-H20  and  showed  that  the  H20-LiBr  system  was  more  effective 
based  on  both  first  and  second  law  analyses  at  temperatures  above 
0  C.  Nevertheless,  the  NH3-H20  mixture  is  still  widely  used  due  to  the 
absence  of  crystallization  and  the  low  freezing  point  of  the  refrigerant. 

(1)  Intermittent  absorption  cycle 

The  intermittent  absorption  system  can  use  solar  energy  in  the 
daytime  to  provide  cold  production  in  the  nighttime.  Fig.  12  shows 
a  schematic  diagram  of  an  intermittent  solar  absorption  refrigera¬ 
tion  system  [41].  During  the  day,  the  mixture  in  the  generator- 
absorber  is  heated  by  solar  radiation,  and  subsequently,  the 
ammonia  is  partially  evaporated  from  the  solution.  The  ammonia 
vapor  is  condensed  in  the  condenser  and  stored  in  the  refrigerant 
tank.  During  the  night,  the  liquid  ammonia  passes  through  the 
expansion  valve  and  produces  the  refrigeration  effect  in  the 
evaporator. 

Swartman  and  Swaminathan  [109]  successfully  used  solar  energy 
to  realize  refrigeration  in  an  intermittent  system.  Extensive  tests 
had  been  carried  out  to  determine  the  performance  of  NH3-H20 
and  NH3-NaSCN  solutions.  The  experimental  results  showed  that 
the  refrigerant-absorbent  NH3-NaSCN  exhibited  better  perfor¬ 
mance  than  NH3-H20.  In  addition,  NH3-NaSCN  offers  a  lower 
equipment  cost  because  it  does  not  require  a  rectifying  column  to 
prevent  the  absorbent  from  being  carried  over  to  the  condenser. 
Staicovici  investigated  [110]  an  intermittent  single-stage  NH3-H20 
solar  absorption  system.  Actual  system  COP  values  of  0.25-0.30 


Chiller  Chilled  water  Cooling 

storage  space 


A  -  absorber;  G  -  generator;  C  -  condenser;  E  -  evaporator 
Fig.  13.  Schematic  of  a  continuous  solar  absorption  refrigeration  system  [114], 

could  be  achieved  at  generation  and  condensation  temperatures 
of  80  °C  and  24.3  °C,  respectively.  For  larger  capacities  of  450- 
675  MJ/day,  the  payback  period  was  estimated  at  six  and  four 
years,  respectively,  over  a  lifetime  of  15-18  years.  El-Shaarawi  et  al. 
[Ill]  designed  an  intermittently  operated  solar-powered  NH3- 
H20  absorption  system  and  presented  a  set  of  new  polynomial 
forms  of  correlations,  which  were  simple  and  easy  to  use  to 
estimate  the  design  parameters  for  both  constant-pressure  and 
constant-temperature  absorption  intermittent  systems  with  a 
percentage  error  of  less  than  3%.  Sierra  [112]  simulated  a  labora¬ 
tory  model  of  an  NH3-H20  solar  absorption  refrigerator  that 
operated  intermittently.  Tap  water  at  28  C  was  used  to  remove 
the  heat  generated  from  the  condensation.  The  COP  for  this  unit 
operating  under  such  conditions  was  in  the  range  of  0.24-0.28. 
Hernandez  et  al.  [113]  developed  a  direct  and  inverse  artificial 
neural  network  approach  to  predict  the  required  COP  of  a  solar 
intermittent  refrigeration  system  for  ice  production  under  various 
experimental  conditions.  With  consideration  of  different  solution 
concentrations,  NH3-LiN03  was  used  as  a  working  fluid.  The 
sensitivity  analysis  showed  that  the  generation  pressure  was  the 
most  influential  parameter  for  the  COP,  whereas  the  remaining 
input  parameters  were  less  significant. 

(2)  Continuous  absorption  cycle 

Continuous  solar  absorption  refrigeration  systems  are  more 
widely  used  because  they  can  provide  lasting  cooling  and  are 
therefore  more  advantageous  over  the  intermittent  absorption 
systems.  Fig.  13  illustrates  a  typical  schematic  diagram  of  a 
continuous  solar  absorption  refrigeration  system  [114]. 

Mansoori  and  Patel  [115]  conducted  a  quantitative  comparative 
study  of  solar  absorption  cooling  cycles  using  NH3-H20,  NH3- 
NaSCN  and  H20-LiBr  combinations  and  investigated  the  effect  of 
the  environmental  temperatures  and  thermodynamic  properties 
of  the  working  fluids  on  the  upper  and  lower  limits  for  the  COP. 
Shiran  et  al.  [116]  calculated  various  economic  parameters  from 
which  the  most  favorable  solar-operated  NH3-H20  absorption 
refrigeration  system  may  be  selected.  The  results  indicated  the 
existence  of  various  minimal  operating  parameters,  e.g.,  collector 
outlet  temperature.  Uppal  et  al.  [117]  built  a  small-capacity  solar- 
powered  NH3-H20  absorption  refrigerator  to  store  vaccines  in 
remote  locations.  Kouremenos  et  al.  [118]  simulated  the  perfor¬ 
mance  of  solar-driven  NH3-H20  absorption  units  operating  in 
conjunction  with  high-  and  intermediate-temperature  solar  col¬ 
lectors  in  Athens,  and  the  theoretical  COP,  the  maximum  specific 
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cooling  power,  the  heat  gain  factor  and  the  heat  gain  power  were 
predicted  for  the  cases  of  refrigerators,  heat  pumps  and  heat 
transformers.  Alvares  and  Trepp  [119]  performed  a  theoretical 
thermodynamic  analysis  on  an  NH3-H20  refrigeration  cycle 
coupled  to  a  solar  water  heating  system  using  CPC  collectors. 
Thirteen  cycles  were  considered  in  the  search  for  the  maximum 
COP,  and  the  exergetic  performance  was  also  investigated.  Kour- 
emenos  [120]  considered  the  addition  of  solar  heat  at  the  mean 
temperature  level  and  the  operation  of  a  reversed  absorption 
NH3-H20  cycle  that  split  the  solar  heat  into  two  components. 
One  component  is  rejected  at  the  evaporation  side,  and  the  other 
part  is  delivered  for  generation.  The  thermodynamics  of  the 
reversed  cycle  were  examined,  and  its  theoretical  behavior  was 
described.  Hammad  and  Habali  [121]  designed  a  solar-powered 
absorption  refrigeration  cycle  using  an  NH3-H20  solution  to  cool  a 
vaccine  cabinet  in  the  Middle  East.  A  year-round  simulation 
indicated  that  the  COP  ranged  between  0.5  and  0.65  with  a 
generation  temperature  of  100-120  °C  and  an  inside  cabinet 
temperature  of  0-8  °C.  Francisco  et  al.  [122]  outlined  the  devel¬ 
opment  and  testing  of  a  prototype  of  a  2-kW  NH3-H20  absorption 
system  designed  for  solar-powered  refrigeration  in  small  rural 
operations,  in  which  all  of  the  operations  are  manually  controlled. 
The  results  suggested  that  future  prototypes  must  be  more 
compact  and  more  efficient.  Mendes  et  al.  [123]  tested  a  solar- 
assisted  single-effect  absorption  machine  using  the  NH3-H20  pair. 
The  desorber  featured  a  built-in  adiabatic  refining  column  com¬ 
posed  of  a  rich  solution  spray.  The  refining  method  proved 
feasible,  and  the  refining  effect  of  the  spray  was  nearly  indepen¬ 
dent  of  the  refrigerant  vapor  and  solution  mass  flow  rates. 
Abdulateef  et  al.  [124]  presented  detailed  thermodynamic  design 
data  and  optimum  design  results  for  solar  absorption  refrigeration 
systems.  The  results  showed  that  the  NH3-LiN03  and  NH3-NaSCN 
cycles  yielded  better  performance  than  the  NH3-H20  cycle,  not 
only  due  to  the  higher  COP  values  but  also  the  lack  of  a  need  for 
analyzers  and  rectifiers.  Abu-Ein  [125]  provided  a  detailed  first  law 
and  second  law  analysis  of  a  10-kW  solar  absorption  refrigeration 
system  using  NH3-H20  as  a  working  medium.  The  minimum  and 
maximum  values  of  the  COP  and  ECOP  were  observed  at  generation 
temperatures  of  110  °C  and  200  C,  respectively.  Approximately  40% 
of  the  system  exergy  losses  occurred  in  the  generator.  The  max¬ 
imum  exergy  losses  in  the  absorber  occurred  at  a  generation 
temperature  of  130  °C  for  all  evaporation  temperatures. 


weak  solution  - strong  solution  - refrigerant 


5.1.2.  Advanced  absorption  cycle 

The  basic  solar  absorption  cycle  can  be  modified  to  achieve 
better  performance,  lower  driving  temperature,  improved  struc¬ 
ture  and  other  advantages. 

Kaushik  and  Kumar  [126]  investigated  NH3-H20  and  NH3- 
LiN03  pairs  in  an  absorber  heat  recovery  cycle  in  which  the  heat 
released  during  the  absorption  process  is  used  to  heat  the  strong 
solution  exiting  the  absorber,  thereby  reducing  the  generator  heat 
input  and  improving  the  COP.  An  improvement  of  approximately 
10%  was  achieved  in  the  COP,  and  the  NH3-LiN03  system  yielded  a 
higher  COP  than  the  NH3-H20  system  over  a  wide  range  of 
conditions.  The  absorber  heat  recovery  cycle  is  quite  similar  to 
that  of  the  GAX  cycle  (Fig.  6);  a  schematic  diagram  of  the  former  is 
shown  in  Fig.  14.  The  absorber  is  divided  into  two  sections:  the 
low-temperature  section  rejects  heat  to  the  ambient  fluid,  and  the 
high-temperature  section  is  used  to  preheat  the  incoming  weak 
solution,  thus  reducing  the  heat  input  to  the  generator  and 
consequently  increasing  the  COP  [127]. 

Arzoz  et  al.  [93]  reported  the  successful  operation  of  a  3-kW 
double-stage  NH3-LiN03  absorption  machine  using  low-temperature 
solar  heat.  A  COP  of  0.27  was  obtained  with  a  heat  source  tempera¬ 
ture  of  90  °C  for  an  evaporation  temperature  of  -15  °C  and  a 
condensation  temperature  of  45  °C.  Ahachad  et  al.  [128]  studied  a 
double-stage  cascade  absorption  system  (heat  transformer  and 
refrigeration  machine)  that  successively  employed  H20-LiBr  and 
NH3-H20.  The  first-stage  absorber  produced  heating  water  that 
circulated  in  the  generator  of  the  second  stage.  It  was  observed  that 
the  system  can  operate  at  lower  hot  source  temperatures,  and  thus,  it 
can  be  supplied  either  from  flat  plate  collectors  or  from  thermal 
effluents.  Kouremenos  et  al.  [129]  studied  a  similar  system.  An 
optimization  study  for  the  individual  and  compound  cycles  was  also 
carried  out,  and  notably  high  performance  was  predicted.  For 
example,  the  calculated  theoretical  COP  was  219%,  whereas  the 
corresponding  theoretical  values  for  the  single  H20-LiBr  and  NH3- 
H20  units  were  93%  and  65%,  respectively. 

A  diffusion  absorption  cycle  uses  a  three-component  working 
fluid  consisting  of  the  refrigerant  (NH3),  the  absorbent  (H20  or 
other  absorbents)  and  the  auxiliary  gas  (helium  or  hydrogen).  The 
absorbent  absorbs  the  refrigerant  at  low  temperature  and  low 
partial  pressure  and  releases  it  at  high  temperature  against  a  high 
partial  pressure.  The  auxiliary  gas  provides  pressure  equalization 
for  the  working  fluid  between  the  condenser  and  evaporator. 


Fig.  14.  Schematic  of  absorber  heat  recovery  cycle. 


Fig.  15.  Schematic  of  the  diffusion  absorption  refrigeration  cycle  [130]. 
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A  schematic  of  the  diffusion  absorption  refrigeration  cycle  is 
illustrated  in  Fig.  15  [130], 

Jakob  and  Eicker  [131]  developed  a  solar  power  NH3-H20  diffusion 
absorption  machine  heated  by  CPC  vacuum  tube  collectors  with 
a  capacity  of  2.5  kW  at  temperatures  between  - 10  °C  and  5  °C. 
Helium  was  used  to  maintain  the  pressure  equilibration  between  the 
high-pressure  and  low-pressure  sides.  The  generator  heating  inlet 
temperatures  ranged  from  150  C  to  170  C.  In  this  case,  the  best 
observed  cooling  capacity  was  1.5  kW,  and  the  COP  values  observed 
were  between  0.2  and  0.3.  Wang  [132]  developed  a  new  style  of  solar- 
driven  diffusion-absorption  refrigerator  with  solution  pumps  in 
which  NH3-LiN03-He  was  used  as  the  working  fluid,  and  an  adiabatic 
spray  absorber  with  a  plate-type  solution  cooler  was  designed  to 
enhance  the  mass  and  heat  transfer,  respectively.  When  the  tempera¬ 
tures  of  generation,  absorption  and  condensation  were  87.0  °C,  29.6  °C 
and  21.6  "C,  a  typical  operating  experiment  showed  that  the  lowest 
evaporation  temperature  was-13.0  C  and  the  corresponding  refrig¬ 
eration  capacity  and  COP  were  1.9  kW  and  0.156,  respectively. 

Absorption/compression  systems  have  also  been  used  for  solar 
refrigeration  due  to  their  ability  to  make  use  of  lower  driving 
temperatures  [133],  Ventaset  al.  [134]  published  an  experimental 
study  of  a  single-effect  absorption  chiller  hybridized  with  an  in¬ 
series  low-pressure  compression  booster  with  an  NH3-LiN03  solu¬ 
tion  as  the  working  fluid.  The  adiabatic  absorber  employed  fog  jet 
injectors,  and  the  absorber  pressures  ranged  between  429  and 
945  kPa.  For  the  same  circulation  ratio,  the  driving  temperature 
decreased  with  a  rise  in  the  absorber  pressure.  The  thermochemical 
compressor  can  produce  a  refrigerant  with  low  driving  tempera¬ 
tures,  between  57  °C  and  70  °C,  which  is  interesting  for  solar  cooling 
applications  and  low-temperature  residual  heat  recovery. 

5.2.  Geothermal  energy 

In  addition  to  solar  energy,  geothermal  energy  represents 
another  type  of  widely  applied  renewable  energy.  Many  research 
studies  have  been  reported  on  the  use  of  geothermal  energy  by  a 
vapor-compression  ground-source  heat  pump.  The  combination  of 
geothermal  energy  and  an  absorption  heat  pump  may  offer  a 
promising  energy-efficient  technology. 

An  attractive  method  for  the  use  of  low-enthalpy  geothermal 
energy  is  the  production  of  refrigeration  using  heat-driven  absorp¬ 
tion  coolers.  Best  et  al.  [135]  designed  an  NH3-H20  absorption 
cooler  with  a  cooling  capacity  of  10.5  kW  installed  in  a  geothermal 
field.  The  unit  operated  successfully  with  generation  temperatures 
as  low  as  91  °C  and  with  cooling  chamber  temperatures  as  low  as  - 
5  °C.  Later,  this  group  carried  out  an  experimental  assessment  of 
this  system  with  ambient  temperatures  exceeding  40  °C  and 
cooling  water  temperatures  that  reached  30  °C.  The  unit  operated 
successfully  with  evaporative  cooling  loads  that  exceeded  the 
design  value  [136].  Ayala  et  al.  [137]  modified  this  system  for  the 
use  of  NH3-LiN03,  and  it  was  successfully  operated  at  generation 
temperatures  ranging  from  90  °C  to  145  C  and  at  cold  chamber 
temperatures  ranging  from  0  °C  to  - 10  °C. 

Kairouani  and  Nehdi  [138]  presented  the  potential  use  and 
exploration  of  geothermal  energy  for  cooling  applications  in  a 
combined  cascade  system  that  used  R134a  for  the  compression 
portion  and  NH3-H20  for  the  absorption  portion.  The  geothermal 
source  temperature  was  in  the  range  of  70-76  °C,  the  condensa¬ 
tion  temperature  was  35  °C  and  the  R134a  evaporation  tempera¬ 
ture  was  -  10  °C  for  ice  production,  with  a  COP  of  approximately 
5.4.  Based  on  the  typical  geothermal  energy  sources  of  Tunisia, 
which  demonstrated  a  potential  refrigeration  power  of  9.1  MW, 
the  quantity  of  ice  that  could  be  produced  was  nearly  82  t  per 
hour.  The  C02  emissions  should  thus  be  reduced  by  approximately 
5884  t  per  year  (a  reduction  of  59%).  Subsequently,  three  refriger¬ 
ants  (R717,  R22  and  R134a)  were  studied  for  the  compression 
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Fig.  16.  Schematic  of  two-stage  cycle  with  intermediate  compression  driven  by 
geothermal  energy  [140]. 


portion  of  the  described  cascade  system.  The  results  showed  that 
the  COP  of  the  cascade  system  could  be  improved  by  37-54% 
compared  with  the  conventional  cycle  [139],  This  group  also 
analyzed  a  double-stage  cycle  based  on  the  NH3-H20  absorption 
system  with  intermediate  compression,  which  raised  the  pressure 
of  the  ammonia  vapor  emitted  from  the  low-pressure  generator  to 
supply  the  high-pressure  absorber  as  shown  in  Fig.  16.  The  two 
generators  of  the  system  were  heated  by  geothermal  energy  at  low 
temperature.  Based  on  the  electric  consumption  for  Tg=  62  °C, 
Tc=Ta= 35  °C  and  Te=  - 10  DC,  the  system  efficiency  was  8.2  [140], 

5.3.  Biomass  energy 

Biomass  is  another  potential  alternative  renewable  energy 
source,  especially  in  rural  areas  where  large  amounts  of  biomass 
can  be  used  as  the  energy  source  for  absorption  systems.  Until 
recently,  research  on  the  utilization  of  biomass  has  been  limited. 
Siddiqui  [141]  conducted  an  optimization  study  of  the  generation 
temperatures  in  NH3-H20,  NH3-LiN03,  NH3-NaSCN  and  H20-LiBr 
absorption  cycles  to  achieve  a  minimum  cost  for  the  energy 
source.  A  comparative  study  among  the  costs  of  the  energies 
(biogas,  liquefied  petroleum  gas  and  solar  collectors)  in  the  various 
cycles  has  been  carried  out.  Empirical  equations  for  the  identifica¬ 
tion  of  the  heating  values  and  the  costs  of  the  energy  sources  have 
been  presented.  Villela  and  Silveira  [142]  proposed  the  use  of 
biogas  generated  in  the  wastewater  treatment  plants  of  the  dairy 
industry.  A  thermoeconomic  analysis  was  applied  to  the  supple¬ 
mentary  cold  water  production  of  an  NH3-H20  absorption  refrig¬ 
eration  system  driven  by  the  burning  of  biogas.  It  was  concluded 
that  the  absorption  refrigeration  system  was  superior  to  the 
compression  refrigeration  system  if  the  biogas  cost  was  not 
considered.  Huang  et  al.  [143]  simulated  a  commercial  building 
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Table  4 

Summary  of  renewable  energy  utilization  and  waste  heat  recovery  by  ammonia-based  absorption  systems. 


Renewable 

energy/waste 

heat 

Cycle 

Working  fluid 

Typical  application 

Remark 

Solar  energy 

Intermittent 

single-stage 

NH3-H20  [109-112] 

Refrigerator 

System  COP=0.25-0.30  (Tg=80  C,  Tc= 24.3  °C) 

Intermittent 

single-stage 

NH3-NaSCN  [109] 

Refrigeration 

NH3-NaSCN  has  higher  COP  and  lower  costs  than  NH3-H20 

Intermittent 

single-stage 

NH3-LiN03[41 ,83,113] 

Ice  production 

Generation  pressure  is  the  most  influential  parameter  on  COP 

Intermittent 

single-stage 

NH3-UN03-H20[83] 

Ice  production 

NH3-LiN03-H20  can  be  24%  higher  than  NH3-LiN03  in  COP 

Continuous 

single-stage 

NH3-H20  [115-123] 

Vaccines  storage, 
refrigerator 

COP=0.5-0.65  (Tg=  100-120  °C,  cabinet  inside  temperature= 

0-8  °C) 

Continuous 

single-stage 

NH3-NaSCN[U5,124] 

Cooling,  refrigeration 

NH3-NaSCN  was  better  than  NH3-H20 

Continuous 

single-stage 

NH3-LiN03  [124] 

Refrigeration 

NH3-LiN03  was  better  than  NH3-H20 

Absorber  heat 
recovery 

NH3-H20,  NH3-LiN03[126] 

Refrigeration 

COP  improvement  was  approximately  10% 

Double-stage 

NH3-LiN03[93] 

Refrigeration 

COP=0.27  (Tg=-90  C.  T„=-15  C  and  Tc=-45  C) 

Double-stage 

cascade 

H20-LiBr+NH3-H20  [128,129] 

Heat  transformer, 
refrigeration 

The  system  can  be  operated  at  lower  hot  source  temperatures 

Diffusion 

absorption 

NH3-H20-He  [131  [  NH3-LiN03-He 
[132] 

Cooling,  refrigerator 

COP=0.2-0.3  (generator  inlet  temperature:  150-170  °C) 

Absorption/ 

compression 

NH3-LiN03  [124] 

Cooling 

Very  low  driving  temperatures  (57-70  °C) 

Geothermal 

energy 

Single-stage 

NH3-H20  [135,136] 

NH3-LiN03[137] 

Cooler 

Installed  at  the  geothermal  field;  cold  chamber=0-- 10  °C; 

Tg= 90-145  °C 

Double-stage 

cascade 

R134a  +  NH3-H20  [138];  R717/ 
R22/R134a  +  NH3-H20  [139] 

Ice  production 

Geothermal  source:  70-73  °C;  Tc= 35  °C;  Tc=  — 10  °C 

Double-stage 

-[-compression 

NH3-H20  [140] 

Ice  production 

Tg=  62  °C,  Tc=Ta= 35  °C,  Te=  - 10  °C 

Biomass  energy 

Single-stage 

NH3-H20,  NH3-UNO3,  NH3-NaSCN 
[141] 

Refrigeration 

Biogas,  liquefied  petroleum  gas  and  solar  collectors  were  studied 

Single-stage 

NH3-H20  [142] 

Cold  water  production 

Biogas  was  generated  in  the  wastewater  treatment  plant 

Single-stage 

NH3-H20  [142] 

Commercial  building 
scale  tri-generation 

Willow,  rice  husk  and  miscanthus  were  studied 

Waste  heat 

Single-stage 

NH3-H20  [144] 

Fishing  vessel 

Heat  was  recovered  from  engine  exhausts 

recovery 

Single-stage 

NH3-H20  [145] 

Refinery 

Provide  refrigeration  for  two  process  streams  while  being  powered 
by  waste  heat  from  a  third  process  stream 

Single-stage 

NH3-H20  [146,147] 

Heat  recovery  in  LNG 
plant 

Recovering  waste  heat  from  a  9  MW  electricity  generation  process 
could  save  1.9  MW  of  electricity  consumption 

GAX 

NH3-H20  [148] 

Waste  heat  utilization 

Parametric  analysis  was  performed  to  study  the  effects  of  the  waste 
heat  source  temperature  on  the  performance 

scale  tri-generation  plant  fueled  by  a  biomass  downdraft  gasifier 
with  an  ammonia  absorption  system  used  to  supply  the  cooling. 
The  study  also  examined  the  impact  of  different  biomass  feedstock 
(willow,  rice  husk  and  miscanthus)  on  the  performance  of  a  tri¬ 
generation  plant. 

5.4.  Waste  heat  recovery 

Fernandez-Searaet  al.  [144]  presented  a  parametric  analysis  of 
a  gas-to-thermal  fluid  heat  recovery  system  from  engine  exhausts 
in  a  fishing  vessel  used  to  power  an  NH3-H20  absorption  refrig¬ 
eration  plant  for  onboard  cooling  production.  The  major  compo¬ 
nents  of  the  system  are  fluid-to-solution  and  gas-to-fluid  heat 
exchangers.  Both  heat  exchangers  and  the  complete  system  were 
modeled  to  study  the  influence  of  the  geometric  design  para¬ 
meters  and  thermal  operating  conditions  on  the  heat  exchangers 
and  system  thermal  performance.  The  optimal  design  based  on 
real  data  was  tested,  and  the  operating  function  of  the  exhaust  gas 
bypass  control  was  obtained.  Erickson  et  al.  [145]  studied  a  waste- 
heat-powered  NH3-H20  absorption  refrigeration  system  installed 
at  the  Ultramar  Diamond  Shamrock  refinery  to  recover  propane 
and  higher-molecular-weight  hydrocarbons.  The  system  was 


designed  to  provide  refrigeration  for  two  process  streams  at  the 
refinery  using  power  from  waste  heat  via  a  third  process  stream. 
The  refrigeration  benefited  the  refinery  by  recovering  salable 
product  and  increasing  the  capacity  of  the  process  units  with  no 
additional  electrical  demand.  Kalinowski  et  al.  [146]  proposed  use 
of  an  absorption  refrigeration  system  powered  by  waste  heat 
from  an  electrical-power-generation  gas  turbine  to  provide  low- 
temperature  cooling  for  the  recovery  process  of  liquefied  natural 
gas  (LNG).  The  analysis  showed  that  the  recovery  of  waste  heat 
from  a  9-MW  electrical  generation  process  could  save  1.9  MW 
of  electricity  consumption  by  producing  additional  cooling  to  the 
LNG  plant.  Application  of  the  integrated  cooling,  heating  and 
power  represented  an  excellent  energy  conservation  option  for 
the  oil  and  gas  industry.  Somers  detailed  the  modeling  procedure 
for  single-effect  NH3-H20  chillers  used  to  recover  LNG  plant  waste 
heat  to  provide  cooling  and  improve  energy  efficiency,  which  is 
especially  valuable  in  the  oil  and  gas  industry.  Each  model  was 
integrated  with  a  gas  turbine  as  a  waste  heat  source,  and  para¬ 
metric  studies  were  conducted  for  a  range  of  partial  load  condi¬ 
tions,  evaporation  temperatures  and  ambient  conditions.  Finally, 
the  best  chiller  design  was  selected,  and  an  annual  performance 
study  was  conducted  to  quantify  the  expected  cooling 
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performance  and  related  energy  savings  [147],  Kang  et  al.  [148]  energy  is  quite  popular,  whereas  the  applications  and  research 

developed  an  advanced  GAX  to  reduce  the  generator  exit  tem-  studies  regarding  geothermal  and  biomass  energy  are  relatively 

perature  to  the  highest  extent  possible  using  waste  heat  sources.  fewer  in  number.  For  waste  heat  recovery,  the  working  fluid  is 

Additional  parametric  analysis  was  performed  to  study  the  effects  mainly  NH3-H20,  with  a  few  studies  conducted  on  other  ammonia- 

of  the  waste  heat  source  temperature  on  the  cycle  performance.  based  solutions. 

The  use  of  renewable  energy  and  waste  heat  recovery  in 
different  absorption  cycles  with  various  ammonia-based  working 
fluids  are  summarized  in  Table  4.  It  can  be  observed  that  solar 

6.  Thermal  energy  storage 


B  Healing  temperature  T1l=  1 20aC  t  Th-  I60°C  □Th=180°C  | 


Fig.  17.  Storage  capacity  of  absorption  and  adsorption  for  an  evaporation  tempera¬ 
ture  of  -20  C,  an  ambient  temperature  of  35  °C  and  three  different  heating 
temperatures  (120  C,  160  °C  and  180  C)  [151  ]. 


Table  5 

Storage  capacity  of  different  absorption  working  fluids  for  solar  cooling  and 
refrigeration. 


Application 

Working 

fluid 

Storage  capacity 

(Wh/kg) 

Solar  refrigeration 

NH3-H20 

34 

Te=- 20  °C,  Tg=  120  °C,  Ta= 35  °C 

NH3-UNO3 

36 

Solar  cooling 

nh3-h2o 

110 

Te= 5  °C,  Tg=  120  °C,  Ta= 35  °C 

NH3-UN03 

89 

H20-NaOH 

277 

CH3OH-LiBr 

133 

h2o-ch3nh2 

77 

Desorption 


Absorption 


Fig.  18.  Schematic  of  a  seasonal  absorption  energy  storage  system  for  house  heating 
1152]. 


Thermal  energy  storage  plays  an  important  role  in  matching 
energy  supply  with  energy  demand,  which  is  especially  significant 
in  low-grade  energy  uses,  such  as  solar  energy  and  waste  heat. 
Absorption  systems  can  realize  thermal  energy  storage  and  offer 
many  advantages  [149]: 

•  The  storage  temperature  is  close  to  the  ambient  temperature,  and 
the  systems  are  suitable  for  long-term  thermal  energy  storage; 

•  the  driving  energy  source  is  variable,  including  solar  energy, 
industrial  waste  heat  and  electricity,  among  others; 

•  the  types  of  energy  supply  can  be  diverse,  and  the  latent  energy 
stored  in  the  solution  can  be  converted  to  meet  the  demands 
for  cooling,  heating  and  dehumidification; 

•  the  high  energy  release  rate  allows  the  system  to  rapidly 
accommodate  desired  requirements; 

•  the  systems  are  environmentally  friendly,  with  low  ozone 
depletion  and  limited  global  warming  potential. 


Rizza  [150]  considered  the  analysis  of  a  low-temperature  NH3- 
H20  thermal  storage  system  designed  to  shift  the  electricity 
demand  from  high-  to  low-demand  periods.  The  stored  thermal 
capacity  was  usable  at  a  temperature  of  -27  DC  and  above.  The 
generator  heat  was  supplied  by  a  self-contained  vapor  compres¬ 
sion  heat  pump  operated  during  the  off-peak  period  to  recover  the 
low-temperature  thermal  storage.  The  ammonia  vapor  liberated 
from  the  rectifier  was  used  in  the  compressor  to  produce  the 
generator  heat.  Three  different  configurations  were  considered, 
including  a  solar-assisted  system.  The  results  were  compared  with 
those  from  a  eutectic  salt  storage  system. 

Mugnier  and  Goetz  [151]  compared  the  storage  capacity  given 
in  mass  units  or  volume  units  of  a  sorbent  for  different  sorption 
systems  for  cooling  and  refrigeration.  The  energy  storage  capa¬ 
cities  per  kilogram  of  a  rich  composition  of  different  absorption 
and  adsorption  working  pairs  under  different  heating  tempera¬ 
tures  are  shown  in  Fig.  17.  Additionally,  the  storage  capacity  values 
of  different  absorption  working  fluids  for  solar  cooling  and 
refrigeration  are  listed  in  Table  5.  It  can  be  concluded  that 
ammonia-based  working  fluids  are  not  the  best  choice  in  terms 
of  energy  storage  capacity  and  cycle  efficiency,  but  they  prevail  in 
subfreezing  refrigeration  applications  rather  than  the  typical  air- 
conditioning  applications. 

Liu  et  al.  [152]  presented  a  seasonal  energy  storage  system  for 
house  heating  (Fig.  18).  The  solar  energy  was  stored  during  the 
summer  via  desorption,  and  the  heat  was  released  during  the 
winter  through  absorption,  with  low-temperature  geothermal 
heat  extracted  by  the  evaporator.  The  storage  capacity  and 
efficiency  of  seven  absorption  couples  (i.e.,  H20-CaCl2,  H20- 
glycerin,  H20-KOH,  H20-LiBr,  H20-LiCl,  H20-NaOH  and  NH3- 
H20)  were  also  studied.  The  storage  capacity  and  efficiency  of 
NH3-H20  versus  the  temperature  of  absorption  is  shown  in  Fig.  19. 
Comparisons  of  different  absorption  couples  indicated  that  the 
storage  capacity  and  price  of  NH3-H20  were  acceptable,  but  this 
system  was  disadvantaged  by  the  temperature  requirement  of  the 
solar  energy  (  >  150  °C)  and  by  security  issues. 
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Temperature  of  absorption  (*C)  Temperature  of  absorption  [°CJ 

Fig.  19.  The  storage  capacity  and  efficiency  of  NH3-H20  versus  the  temperature  of  absorption  [152], 


a 


Fig.  20.  Air-cooled  two-stage  NH3-H20  absorption  refrigeration  system,  (a)  Schematic  diagram  [157],  (b)  experimental  prototype  [158], 


7.  Miniaturization  of  absorption  systems 

Miniaturization  of  absorption  systems  is  essential  for  residen¬ 
tial  applications.  Air-cooled  absorption,  which  eliminates  the 
cooling  water  system,  and  diffusion  absorption,  which  removes 
the  solution  pump,  are  two  important  cycles  for  the  purpose  of 
miniaturization  [153], 

Oronel  et  al.  [154]  carried  out  an  experimental  study  of  air¬ 
cooled  absorption  systems  driven  by  low-temperature  heat 
sources  using  NH3-LiN03  and  NH3-UN03-H20  mixtures.  The  mass 
absorption  flux  and  the  solution  heat  transfer  coefficient  achieved 
with  the  ternary  mixture  were  approximately  1.3-1.6  and  1.4  times 
higher,  respectively,  than  those  of  the  binary  mixture  under 
similar  operating  conditions,  mainly  due  to  the  lower  viscosity  of 
the  ternary  mixture  and  the  high  affinity  of  ammonia  for  water. 
Empirical  correlations  for  the  solution  Nusselt  and  Sherwood 
numbers  were  also  reported. 

Velazquez  and  Best  [155]  presented  a  numerical  analysis  and 
energy  evaluation  of  an  air-cooled  NH3-H20  GAX  absorption 


system  operated  with  a  hybrid  natural  gas-solar  energy  source, 
which  was  expected  as  an  alternative  for  space  conditioning  in  the 
residential  sector.  The  unit  was  designed  with  a  cooling  capacity  of 
10.6  kW,  and  a  COP  of  0.86  was  calculated. 

Francisco  et  al.  [156]  constructed  a  prototype  of  an  NH3-H20 
absorption  chiller  with  a  2-kW  cooling  capacity.  The  condenser 
and  the  absorber  were  air-cooled  by  natural  convection,  and  the 
solution  pump  was  replaced  with  a  transfer  tank.  The  work  was 
meaningful  although  the  experimental  COP  was  lower  than  0.05. 

Lin  et  al.  [157]  simulated  an  air-cooled  two-stage  NH3-H20 
absorption  refrigeration  system  driven  by  85  °C  hot  water  supplied 
from  a  solar  collector  and  showed  that  the  thermal  COP  was  0.34 
and  the  electrical  COP  was  26  under  typical  summer  conditions. 
Circular-finned  tube  bundles  were  selected  to  build  the  air-cooled 
equipment.  The  condenser  was  arranged  in  front  of  the  absorber  to 
obtain  an  optimum  system  performance.  The  low-pressure  absor¬ 
ber  was  arranged  in  front  of  the  middle  pressure  absorber  to 
minimize  the  absorption  length.  This  configuration  of  the  air¬ 
cooled  equipment  is  suggested  for  a  5-kW  cooling  capacity  system 
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(Fig.  20(a)).  Du  et  al.  [158]  built  an  experimental  prototype  for  this 
air-cooled  two-stage  NH3-H20  absorption  refrigeration  system 
with  a  2-kW  cooling  capacity  to  investigate  the  feasibility  and 
performance  of  the  proposed  system  (Fig.  20(b)).  When  the 
prototype  was  driven  by  85  °C  hot  water  with  an  evaporation 
temperature  of  8  °C  and  an  ambient  air  temperature  of  29  °C,  its 
thermal  COP  and  electric  efficiency  reached  0.21  and  5.1,  respec¬ 
tively.  The  COP  stabilized  in  the  range  of  0.18-0.25,  and  the  electric 
efficiency  varied  between  3.6  and  5.1.  This  system  provided  a 
method  for  the  development  of  low-cost  small  bulk  solar  absorp¬ 
tion  air-conditioning  systems  for  residential  applications. 

Jakob  and  Pink  [159]  reported  on  a  10-kW  single-effect  NH3- 
H20  absorption  chiller  with  a  membrane  pump  for  residential  and 
commercial  applications  that  was  developed  by  a  company  in 
Germany.  The  COP  reached  0.64  for  a  cooled  ceiling  air- 
conditioning  system  when  the  driving  temperatures  were  75- 
68  C,  the  cooling  water  temperatures  were  24-29  °C  and  the 
chilled  water  temperatures  were  19-16  °C.  Haberle  et  al.  [160] 
described  an  air-cooled  NH3-H20  absorption  chiller  with  a  cooling 
capacity  of  17  kW  produced  by  a  company  in  Italy.  The  chiller  was 
driven  by  pressurized  water  from  a  Fresnel  collector,  and  the 
driving  temperatures  required  were  180-200  °C. 

Diffusion  absorption  is  also  a  satisfactory  solution  for  the 
miniaturization  of  absorption  systems.  Wang  [161)  developed  a 
new  style  of  diffusion  absorption  refrigeration  system  driven  by 
heat  sources  with  low  temperatures.  The  NH3-LiN03-He  was  used 
as  a  working  fluid,  and  a  spray  absorber  with  a  solution  cooler  was 
designed  to  enhance  the  mass  and  heat  transfer.  The  experiments 
showed  that  the  system  was  able  to  meet  the  temperature 
requirements  for  air  conditioning  when  the  heat  source  tempera¬ 
ture  was  between  70  °C  and  83  °C.  The  refrigeration  capacity  and 
the  COP  varied  in  the  range  of  1.90-4.22  kW  and  0.177-0.332, 
respectively.  Abdullah  and  Hieng  [162!  evaluated  the  transient 
temperature  performance  of  an  NH3-H20-H2  diffusion  absorption 
cooling  system's  components  for  two  types  of  energy  sources 
(electric  energy  and  liquid  petroleum  gas),  and  an  economic  study 
was  carried  out  for  three  different  energy  sources  (electric,  liquid 
petroleum  gas  and  solar  energy).  Liu  et  al.  [163]  presented  selected 
parameters  that  affected  the  performance  of  a  NH3-NaSCN  diffu¬ 
sion  absorption  refrigeration  system.  By  comparing  the  simulation 
and  experimental  data,  this  group  showed  that  the  COP  of  the 
NH3-NaSCN  diffusion  absorption  device  with  a  2-kW  cooling 
capacity  could  reach  0.4  when  the  regeneration  temperature  was 
80°  to  105  °C,  the  concentration  was  0.38-0.5  and  the  condensa¬ 
tion  temperature  was  30  °C. 


8.  Conclusions  and  suggestions 

Ammonia-based  absorption  working  fluids  have  unique  advan¬ 
tages  over  H20-LiBr  fluids  due  to  a  low  freezing  temperature,  zero 
risk  of  crystallization  and  no  need  for  vacuum  maintenance.  These 
characteristics  make  ammonia-based  absorption  chillers  and  heat 
pumps  irreplaceable  in  a  wide  range  of  applications.  This  paper 
comprehensively  reviews  the  ammonia-based  absorption  chillers 
and  heat  pumps,  including  the  thermodynamic  and  physical 
properties  of  different  ammonia-based  working  fluids;  develop¬ 
ments  and  applications  in  low-temperature  refrigeration,  heating 
and  DHW;  renewable  energy  utilization;  waste  heat  recovery; 
thermal  energy  storage;  and  the  miniaturization  of  AHPs. 

For  binary  ammonia-based  working  fluids,  NH3-NaSCN  and 
NH3-LiN03  have  been  widely  studied  to  eliminate  the  rectifier  in 
NH3-H20  absorption  systems.  Additionally,  NH3-NaSCN  and  NH3- 
LiN03  have  been  proven  to  require  lower  driving  temperatures  and 
can  achieve  higher  energy  performances  than  the  conventional 
NH3-H20  systems,  which  allows  for  the  use  of  lower  temperature 


heat  sources,  including  solar  energy,  geothermal  energy  and  waste 
heat.  However,  the  performance  may  be  limited  by  the  high 
viscosity  of  the  salt  solutions.  To  solve  this  problem,  ternary 
ammonia-based  working  fluids  (i.e„  NH3-H20-LiBr,  NH3-H20- 
LiN03  and  NH3-H20-hydroxide)  were  proposed  to  lower  the 
solution  viscosity  and  improve  the  heat  transfer  coefficient.  It 
should  be  noted  that  the  boiling  temperatures  of  NH3-H20-LiBr 
and  NH3-H20-LiN03  are  higher  than  those  of  binary  mixtures,  and 
thus,  a  higher  driving  temperature  is  required.  In  contrast,  for 
NH3-H20-hydroxide,  a  lower  driving  temperature  than  that 
required  for  NH3-H20  cycles  can  meet  the  demand.  However, 
the  hydroxide  in  the  ternary  mixture  will  tend  to  salt  out  the 
ammonia  from  the  absorber  and  lead  to  poor  absorption. 

The  thermodynamic  and  physical  properties  of  pure  ammonia 
and  binary  and  ternary  ammonia  mixtures  are  presented  in  this 
work.  The  properties  of  ternary  working  fluids  require  further 
research  to  guide  the  evaluation,  design  and  simulation  of  such 
absorption  systems. 

Ammonia-based  absorption  chillers  can  operate  at  tempera¬ 
tures  well  below  normal  air-conditioning  temperatures,  which 
may  be  useful  for  subzero  refrigeration  applications.  For  operation 
at  lower  refrigeration  temperatures,  advanced  absorption  cycles 
such  as  the  double-stage  cascade  cycle,  double-stage  absorption 
and  hybrid  absorption/compression  cycle  can  be  applied.  The 
evaporation  temperatures  for  single-stage  absorption  systems  lie 
mainly  in  the  range  of  -  30  °C  to  -  5  °C,  whereas  advanced 
absorption  chillers  can  reach  evaporation  temperatures  as  low  as 
-  70  °C. 

The  lack  of  crystallization  and  the  low  freezing  point  of  NH3 
make  ammonia-based  solutions  promising  technologies  for  heat¬ 
ing  and  DHW  applications.  Absorption  systems  operating  in  heat 
pump  mode  have  become  competitive  with  the  most  widely  used 
vapor  compression  heat  pumps  in  terms  of  environmental  impact 
as  well  as  energy  efficiency.  It  is  recommended  that  the  ASAHP 
and  GSAHP  systems  be  employed  for  heating  and  DHW  applica¬ 
tions,  especially  in  cold  regions,  where  the  ASEHP  performs  badly 
or  fails  to  operate  in  notably  cold  climates  due  to  the  high 
compression  ratio  and  the  GSEHP  suffers  from  performance 
deterioration  caused  by  thermal  imbalance.  The  GSAHP  can  reduce 
the  ground  thermal  imbalance  of  heating-dominant  systems  and 
requires  fewer  boreholes  than  the  GSEHP  in  heating-only  systems. 

Ammonia-based  absorption  systems  using  various  working 
fluids  driven  by  solar  energy  are  quite  popular,  whereas  the 
applications  of  and  research  on  geothermal  and  biomass  energy 
are  relatively  scarce.  For  waste  heat  recovery,  the  working  fluid  is 
mainly  NH3-H20,  though  a  few  studies  of  other  ammonia-based 
solutions  have  been  published  as  well. 

Comparisons  of  different  absorption  thermal  storage  cycles 
have  indicated  that  ammonia-based  working  fluids  are  not  the 
best  choice  for  energy  storage  capacity  and  cycle  efficiency,  but 
they  prevail  in  subfreezing  refrigeration  rather  than  the  typical  air- 
conditioning  applications. 

Air-cooled  absorption  and  diffusion  absorption  are  two  impor¬ 
tant  approaches  used  to  realize  the  miniaturization  of  absorption 
systems,  which  is  essential  for  residential  applications.  Ammonia- 
based  working  fluids  are  also  attractive  due  to  the  absence  of 
crystallization,  which  is  a  persistent  problem  for  H20-LiBr  systems 
that  is  caused  by  poor  cooling  conditions. 
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Appendix  A.  Properties  of  pure  NH3 

Appendix  AA.  Sun  model  [39] 


VLE 

Liquid  enthalpy 

Vapor  enthalpy 

P(T)=  1032f=0ai(T-273.15)i 
h,(T)  =  2f=0ft,(T-273.15)' 
hv(T)  =  Zf=0cKT- 273.1 5)1' 

(Al) 

(A2) 

(A3) 

Coefficients  of  Eqs.  (A1)-(A3) 

i 

Hi 

b,- 

Ci 

0 

4.2871  e  —  1 

1.9879e2 

1.4633e3 

1 

1.6001  e  —  2 

4.4644e0 

1.2839e0 

2 

2.3652e  — 4 

6.2790e  — 3 

-1.1501e-2 

3 

1.6132e  —  6 

1.4591  e  — 4 

—  2.1523e  — 4 

4 

2.4303e  —  9 

—  1.5262e  —  6 

1.9055e  — 6 

5 

—  1.2494e  — 11 

—  1.8069e  — 8 

2.5608e  — 8 

6 

1.2741  e- 13 

1.9054e  — 10 

—  2.5964e  — 10 

Standard  error 

1.6e-3 

8.5626e0 

1.059el 

Mean  deviation 

1.252e  — 2 

5.566e  — 3 

3.679e  — 3 

Appendix  A.2.  Cleland  model  [59] 

VLE 

V  T  ,  °2 

03 

(A4) 

Psat  |  rsflf  +  (l3 

)■  iut  In  Psat-O, 

Liquid  enthalpy 

hl  =  a4  +  a5Ti+a6Ti2 

+  07T,3 

(A5) 

Saturated  vapor  enthalpy 

hn  —  08  +  OgTsa[  +  o^oT2a[+o^jTfa[:  hv  — 

hn+au 

(A6) 

Superheated  vapor  enthalpy 

=  1  +ai3ArSH  +  £ii4Ar5fJ  +  ai5(ArSH)(Ts(it)  +  ai6(ATsH)3(T'st!t) 
+  ai7(ArSH)(r5at)2+ai8(ArSH)2(TMt)2 

(A7) 

Specific  volume  of  saturated  vapor 

hs  —  h,2  +  tq2 

Vs  =  (a2i  +  d22rsar  +  d23r|at  +  a24r3at)exp 

(dig  “L  r^r +273.15) 

(A8) 

Specific  volume  of  superheated  vapor 

"s  =  l+a25ATsH  +  a26ATjH+a27(ATSH)(Tsat) 

+  02s(  AT sh)2 (T sat)  +  02g(ATsH)CCsat)2  4-  02o(ATsh)2 (Tsa[)2 

(A9) 

Coefficients  of  Eqs.  (A4)-(A9) 

al 

a2 

a3 

e/% 

22.11874 

-2233.8226 

244.20 

0.08 

a4(IIR) 

a4(ASHRAE) 

a5 

as 

a7  x  10~3 

e/(kj/kg) 

200,000 

184,311 

4751.63 

2.0449 

-37.875 

0.27 

as 

dg 

GlO 

an  x 10~3 

di2(IIR) 

a12(ASHRAE) 

e/(kj/kg) 

1,441,467 

920.154 

-10.20556 

-26.5126 

15,689 

0 

0.10 

a13  x  10~3 

a14  x  10~3 

a15  x  10^3 

a i6  x  10-3 

a17  x  10~3 

a18  x  10-3 

e/% 

1.68937 

-3.47675 

7.55525 

-3.04755 

9.79201 

-3.62549 

0.27 

dig 

020 

o2\ 

CZ22  x  10  ^ 

Q23  x  10  ^ 

a24  x  10-3 

e/% 

- 11.09867 

2691.680 

0.99675 

4.02288 

2.64170 

-1.75152 

0.16 

a25  x  10~3 

a26  x  10~3 

a27  x  10^3 

a28  x  10~3 

CZ29  x  1 0  ^ 

Q30  x  10  ^ 

e/% 

4.77321 

-3.11142 

1.58632 

-0.91676 

2.97255 

-0.86668 

0.53 

’e  means  the  maximum  deviation  between  Cleland  and  Chan  [164], 
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Appendix  B.  Properties  of  NH3-H20 

Appendix  BA.  Schulz  model  [62] 

The  equations  of  state  of  NH3-H20  solution  are  expressed  as  follows: 


For  pure  component 

Gas  phase 

<?  =  «§- esl  +  J*  C%d0-0 fd0+0  In  i 

+  C}0(n  —  Ka)  +  C2(n  —  Jtai  +  Cj  ^-Q  +  0^j)  —  2g^j 

where  CfR  =  D 3  +D20+D302 
Liquid  phase 

C|  =  H{  -  0SfQ  +  J*  CfRd0  —  0  &  Cid0 

+A1(^-^0)+A2f — 2 — “ )  +Md(n-no)+AA02(K-jio) 

where  C'ptf  =  Bj  +B20 

For  mixture 

Gas  phase 

G|“  =(1-y)G|H2°+yG|NH3  +0(1  -y)ln(l  -y)+0y  lny 

Liquid  phase 

cM  rHnO  rNHo 

GJj  =  (l~x)C,R  +xG1r  +0(1  -x)ln(1 -x)+0x  In  x+GR 
gr  =  lFi+F2n+F37r2  +  (F4  +  F57r)/0+(F6  +  F77r)/02  +  F8/03  +  [Fg  +  FW7i  where 
+  F\\n2  +  (F32+F33jz)/0\(2x-\)  +  (F34  +  F3sJi+F36/0)(2x-\)2}x(\  -x) 

Parameter  specification 

n _  T  ~ _  P  r  _  Gm  r  _ Cpm 

\j  —  —  p  —  g 

r„=100  K;  Pb=l  MPa;  Rm=8.3143  J/(mol  K) 

g  (gas  phase);  /(liquid  phase);  M(mixture);  e( excessive);  i(component  label) 

^(relative  value);  b(base  value);  m(molar  parameters) 

x,  y  is  the  molar  fraction  of  NH3  in  liquid  and  vapor  mixture,  respectively. 


(Bl) 


(B2) 


(B3) 


(B4) 


From  the  above  equations  of  state,  the  required  thermodynamic  properties  of  the  working  fluid  can  be  derived  as  follows: 


Vapor-liquid  equilibrium  of  pure  NFi3 

Gp-GfH3=0 

Vapor-liquid  equilibrium  of  NH3-Ff20 

TPX  relations 


f(T,P,x)  =  exp<,  g 
TPY  relations 
f(T,P,y)  =  expji 


{^[cf  °  +9  ln(l  -  XH-GJ -x(^)M- Of 


+  0  In  x+Gr+(1  -x) 


dGi 


Vapor  enthalpy  of  NH3-H20 


Hf  =(l-y) 


GfH2O-0 


del  ■ 


J«n2u  “I  Jj 

Liquid  enthalpy  of  NH3-H20 

fM 

HfR  =  (1  -x) 


+y 


Gf  -0 


-GI 


rH-jO 

Gr  -6 


dO 


+x 


-o'* 


-/NHi 


30 


}  +exp<j  \ 


-y= o 


+01nx+G|+(l-x) 


<A  _Gg“ 

^le.n  R 


+<+ 


-1=0 


(B5) 

(B6) 

(B7) 

(B8) 

(B9) 


Coefficients  of  Schulz  equations 


Pure  component 

H20 

nh3 

Mixture 

A, 

0.026949 

0.0318219 

Fi 

25.5078 

a2 

-0.000009958 

-0.000050416 

F2 

0.4935 

a3 

-0.0040529 

-0.0071294 

f3 

-0.0115994 
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A4 

0.00077344 

0.0026517 

f4 

-165.353 

B, 

7.7221 

6.18881 

f5 

-2.57531 

b2 

0.393864 

1.26706 

f6 

256.593 

Ci 

-0.176416 

-0.203312 

f7 

3.25854 

C2 

2.30417 

1.83950 

f8 

- 149.857 

C3 

-8.28598 

-4.69069 

f9 

1.60532 

Di 

4.09249 

3.82918 

Fio 

0.284681 

d2 

-0.089058 

0.02369 

Fn 

-0.0053865 

d3 

0.023875 

0.04495 

F« 

-0.784 

0O 

5.0699 

3.2515 

Fu 

-0.775995 

Jto 

3.00 

2.141 

Fl4 

0.37872 

Ho® 

60.9347 

26.6392 

Fis 

0.0225936 

Hj 

21.7697 

5.20916 

Fib 

8.00572 

So® 

13.4420 

8.29281 

Sof 

5.71697 

1.70201 

Appendix  B.2.  Patek  model  [66] 

Vapor-liquid  equilibrium 

T(p,  x)=T0Z  a,(  1  -  x)m‘  [in  (&)  ] T0  =  1 00  I<,  p0  =  2  MPa 

(B10) 

T(p.y)  =  T02  Oi(l  -y)m‘/4  [ln(^)  j"'  T0  =  100  K,  p0  =  2MPa 

(Bll) 

y(p,x)  =  1  -  exp 

ln(l  -x)2  a;  (f)  "Vi/: 3]  Po  =  2  MPa 

(B12) 

Liquid  enthalpy 

hi(T,x)  =  h0J]ai 

[£- l)’V  h0  =  100  kj/kg,  T0  =  273.16  K 

(B13) 

Vapor  enthalpy 

hg(T,y)  =  lio2  a,- 

i 

(l-i)  (1  -y)n'/4  ho  =  1000  kj/kg.  To  =  324  K 

(B14) 

Coefficients  of  Patek  equations 


i 

T(p,x) 

T(P,y) 

y(p,x) 

hi(T,x) 

hg(T,y) 

m 

n 

a 

m 

n 

a 

m 

n 

a 

m 

n 

a 

m 

n 

a 

i 

0 

0 

+  0.322302el 

0 

0 

+  0.324004el 

0 

0 

+  1.98022017el 

0 

i 

—  0.761080el 

0 

0 

+  0.128827el 

2 

0 

1 

—  0.384206e0 

0 

1 

—  0.395920e0 

0 

1 

-  1.18092669el 

0 

4 

+  0.256905e2 

1 

0 

+  0.125247e0 

3 

0 

2 

+  0.460965e  — 1 

0 

2 

+  0.435624e  — 1 

0 

6 

+  2.77479980el 

0 

8 

—  0.247092e3 

2 

0 

—  0.208748el 

4 

0 

3 

—  0.378945e  — 2 

0 

3 

—  0.218943e  — 2 

0 

7 

—  2.88634277el 

0 

9 

+  0.325952e3 

3 

0 

+  0.217696el 

5 

0 

4 

+  0.135610e  — 3 

1 

0 

—  0.143526el 

1 

0 

—  5.91616608el 

0 

12 

—  0.158854e3 

0 

2 

+  0.235687el 

6 

1 

0 

+  0.487755e0 

1 

1 

+  0.105256el 

2 

1 

+  5.78091305e2 

0 

14 

+  0.619084e2 

1 

2 

—  0.886987el 

7 

1 

1 

—  0.120108e0 

1 

2 

—  0.719281e—  1 

2 

2 

-  6.21736743e0 

1 

0 

+  0.114314e2 

2 

2 

+  0.102635e2 

8 

1 

2 

+  0.106154e  — 1 

2 

0 

+  0.122362e2 

3 

2 

—  3.42198402e3 

1 

1 

+  0.118157el 

3 

2 

—  0.237440el 

9 

2 

3 

—  0.533589e  — 3 

2 

1 

-  0.224  368el 

4 

3 

+  1.19403127e4 

2 

1 

+  0.284179el 

11 

3 

+  0.670515el 

10 

4 

0 

+  0.785041  el 

3 

0 

—  0.201780e2 

5 

4 

—  2.45413777e4 

3 

3 

+  0.741609el 

1 

3 

+  0.164508e2 

11 

5 

0 

-  0.115941  e2 

3 

1 

+  0.110834el 

6 

5 

+  2.91591865e4 

5 

3 

+  0.891844e3 

2 

3 

+  0.936849el 

12 

5 

1 

—  0.523150e  —  1 

4 

0 

+  0.145399e2 

7 

6 

-  1.84782290e4 

5 

4 

—  0.161309e4 

0 

4 

+  0.842254el 

13 

6 

0 

+  0.489596el 

4 

2 

+  0.64431 2e0 

7 

7 

+  2.34819434el 

5 

5 

+  0.622106e3 

1 

4 

—  0.858807el 

14 

13 

1 

+  0.421059e  —  1 

5 

0 

—  0.221246el 

8 

7 

+  4.80310617e3 

6 

2 

—  0.207588e3 

0 

5 

—  0.277049el 

15 

5 

2 

—  0.756266e0 

6 

4 

—  0.687393el 

4 

6 

—  0.961248e0 

16 

6 

0 

—  0.135529el 

8 

0 

+  0.350716el 

2 

7 

+  0.988009e0 

17 

7 

2 

+  0.183541  eO 

1 

10 

+  0.308482e0 

Appendix  B.3.  Sun  model  [39] 


Vapor-liquid  equilibrium 


log  P  =  A  -fS 

A  =  7.44—  1.767X  +  0.9823X2  +  0.3627X3 
B  =  2013.8  -2155.7X+  1540.9X2  -  194.7X3 


(B15) 
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Liquid  enthalpy  h(T,X)=  100£/®  1ai(27fTB-l)m,Xni 

(B16) 
(B17) 


18.015X 


VTX  relation 


X  1 8.01 5X+ 17.03(1  — X) 
v(T,X)  =  2j'  =  oZ?=  oaij(T—  273.1 5)‘XJ 


Coefficients  of  Eq.  (B16) 


i 

m 

n 

a 

i 

m 

n 

a 

1 

0 

1 

—  0.761080el 

9 

2 

1 

+  0.284179el 

2 

0 

4 

+  0.256905e2 

10 

3 

3 

+  0.741609el 

3 

0 

8 

—  0.247092e3 

11 

5 

3 

+  0.891844e3 

4 

0 

9 

+  0.325952e3 

12 

5 

4 

—  0.161309e4 

5 

0 

12 

—  0.158854e3 

13 

5 

5 

+  0.622106e3 

6 

0 

14 

+  0.619084e2 

14 

6 

2 

—  0.207588e3 

7 

1 

0 

+  0.114314e2 

15 

6 

4 

—  0.687393el 

8 

1 

1 

+  0.118157el 

16 

8 

0 

+  0.350716el 

Coefficients  of  Eq.  (B17) 

I 

J 

an 

i 

j 

au 

i 

j 

ay 

i 

j 

au 

0 

0 

9.9842e  — 4 

0 

1 

3.5489e  — 4 

0 

2 

—  1.2006e  — 4 

0 

3 

3.2426e  — 4 

1 

0 

—  7.8161  e  — 8 

1 

1 

5.2261e  — 6 

1 

2 

—  1.0567e  —  5 

1 

3 

9.8890e  —  6 

2 

0 

8.7601e  — 9 

2 

1 

—  8.4137e  — 8 

2 

2 

2.4056e  — 7 

2 

3 

—  1.8715e  —  7 

3 

0 

—  3.9076e  — 11 

3 

1 

6.4816e— 10 

3 

2 

—  1.9851e  — 9 

3 

3 

1.7727e  — 9 

*Standard  error=4.058e-6,  mean  deviation=2.195e-3. 


Appendix  C.  Properties  of  NH3-LiN03 
Appendix  C.i.  Infante  Ferreira  model  [68] 


VLE  P  =  exp(16.29  +  3. 859(1  -x)3  +  ~2802 +273.16  ~*>3>  (Cl) 

Enthalpy  h  =  A+BT+CT2 +DT3 

I  —215  +  1570(0.54  — x)2,  x<0.54 
A  —  215  +  689(x— 0.54)2,  x>0.54 
B  =  l.  15125  +  3. 382678X 


C=  10-J(1.099  +  2.3965x) 

D=  10'3(3.93333x) 

(C2) 

Density 

p  =  - 1 409. 653 Vx+ 2046. 222  -  1.3463T-0.0039T2 

(C3) 

Viscosity 

,1=  10^6((-5.1835r+992.337)(l-x)(O08333I'+6S333)  +  exp(-0.01147T-1.744)) 

(C4) 

Thermal  conductivity 

A=  10-3(2.093  +  4.7e-9T+(1.5478-7.612e-4r-1.5353e-5r2)x) 

(C5) 

Specific  heat 

Crystallization  line 

cp  =  1.15125  +  3.382678x  +  (0.002198  +  0.004793x)T+0.000118xr2 

0.3021  —  0.00034T  —  0.00000272T2,  0.000  <  x  <  0.2911 

(C6) 

x, 0.2911  <x<  0.3000 

0.31 52  -  0.000608T,  0.3000  <  x  <  0.3076 

0.1 2885  + 0.01 43T,  0.3076  <  x  <  0.3362 

0.41318  — 0.005402T2,  0.3362  <x  <  0.4304 

0. 443413  +  0. 0069T+0.000854T2,  0.4304  <  x  <  0.5072 

0.527643  —  0.0031261  —  0. 00001 9T2,  0.5072  <x  <  0.6434 

0.40761  -  0.0046057,  0.6434  <  x  <  0.6649 

0.57452  +  0.0000309r2,  0.6649  <  x  <  0.7826 

6.7214  +  0.07378T,  0.7826  <x<  1.0000  (C7) 
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Appendix  C.2.  Libotean  model  [69,70] 


VLE 

Density 

Heat  capacity 

Viscosity 

(C8) 

(C9) 

(CIO) 

(Cll) 

Zji  =  o/*ivvi  •  f 

p=A+BT ,  A  =  2f  =  0(wiai).  B=2i  =  o(wib>) 

CP=A  +  BT,  A  =  X;=0(w\ai),  B  =  Zl=0(wi1bi) 

ln,?  =  ioooA+B  A  =  1  (wi, a ,) + do ,  B=Y,2=\(w\bi)+b0 

Coefficients  of  equation  for  (C8) 

Coefficient 

Value 

Coefficient 

Value 

Ao/kPa 

4.99  x  10° 

Bo/kPa  K 

-1.79  x  103 

Ai/kPa 

8.85  x  101 

Bi/kPaK 

-2.23  x  104 

A2/kPa 

-1.98  x  102 

B2/kPa  K 

6.13  x  104 

A3/ kPa 

1.35  x  102 

B3/kPa  K 

-4.52  x  104 

Coefficients  of  equation  for  (C9)-(C11) 

Density 

Heat  capacity 

Viscosity 

Coefficient  Value 

Coefficient 

Value 

Coefficient 

Value 

ao  1.521  x  10° 

ao 

5.593  x  lO^1 

do 

1.918 

“l  —4.528  x  10_1 

di 

3.241  x  10° 

di 

10.094 

bo  —  1.961  x  10~5 

bo 

2.078  x  10~3 

a2 

-18.394 

t>i  - 1.726  xlO-3 

b, 

1.847  x  10~3 

bo 

-1.205 

bi 

-35.627 

b2 

51.529 

Appendix  D.  Properties  of  NH3-NaSCN 
Appendix  DA.  Infante  Ferreira  model  [68] 


VLE 

Enthalpy 


Density 


Viscosity 

Thermal  conductivity 
Specific  heat 

Crystallization  line 


P  =  exp(I5.7266-0.298628x+~2548^-^\fn-x>3) 

h  =  A+BT+CT2  +  DT 3 
A  =  79.72  - 1 072x+  1287.9x2  -  295.67x3 
B  =  2.4081  -2.2814x  +  7.9291x2-3.5137x3 
C=1CT2(1.255x  — 4x2  +  3.06x3) 

D  =  1(T5(  — 3.33x+10x2  — 3.33x3) 
p=A+BT+CT2 

A  =  1 707.51 9  -  2400. 4348x  + 2256. 5083x2  -  930.0637x3 
B=  — 3.6341x  +  5.4552x2  — 3.1674X3 
C=  10“3(5.1x  — 3.6x2  —  5.4x3) 

?/  =  10~6((  — 0.5289T+29.695)(1  — X)(“00128T+39493) +  0.21 9E  — 10(120  —  T)4  636  +  0.1) 
X  =  10~3((7.655  — 0.0105T)(1  —  x)(~00075T+305) +  0.693E  —  7(T  —  50)3  +  0.547) 
cp  =  2.4081  —  2.281 4x  + 7. 9291x2  —  3.51 37x3  +  (0.0251x  —  0.08x2 
+  0.0612x3)T+(  — 0.0001x  +  0.0003x2  —  O.OOOlx3)!2 
'  0.360207  — (0.1 2856£  —  3)T  —  (0.301 58E  —  5)T2  + 

(0.1058E-  7)T3  -  (0.39364E—  10)T4,  0.000  <  x  <  0.360 

=  I  0.4924+0.0124T+(0.3£  — 3)T2,  0.360  < x  <  0.430 
C“  0.386  — (0.94£  —  2)T  —  (1.0£  — 4)T2,  0.430 < x < 0.565 
0.2198  —  (0.6444E  —  2)T,  0.565  <x  <  0.735 
7.2395 +  0.080303T,  0.735  <  x  <  1.000 


(Dl) 


(D2) 


(D3) 

(D4) 

(D5) 

(D6) 


(D7) 
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Appendix  D.2.  Shrirang  model  [ 72 ] 


VLE 
Density 
Heat  capacity 


Viscosity 

Coefficients 


ln(p/kPa)  =  A+f+C  ln(J)  +  D(|)£ 
p/kgm-3=fi[1^mr;;)U] 

Cp/Jg-1  K-1  =A/Jg-'  K-’+iB/Jg-1  K-^O+fC/Jg-1  K-3)(jQ2  +  (WJ g  1 

©i+(£/JS-K-,g)‘ 

ln(p/mPa  s)  =  A+p^+C  in (£)  +DTE 

A  =  IL  0QiW2’  B  =  £"=  ofa>w2.  c  =  Z"=  oc>w2.  D  =  Z"=  0diW2 


I<-4) 


(D8) 

(D9) 

(DIO) 

(Dll) 

(D12) 


Coefficients  of  equation  for  (D8)-(D12) 


Parameter 

Density 

Viscosity 

Heat  capacity 

Vapor  pressure 

ClO 

6.025725el 

1.6476e  —  1 

6.3576el 

8.35752el 

ai 

3.638e2 

-  1.604e2 

-  1.073e2 

—  3.87e  — 2 

a2 

9.692e2 

-  1.250e2 

9.119el 

6.2386e0 

a3 

0 

1.144e2 

0 

-  5.464e0 

bo 

2.5443e  —  1 

5.983e2 

—  9.1257e  —  1 

—  4.6697e3 

hi 

8.204e  —  1 

8.365e3 

7.1 04e-  1 

3.6464e2 

t>2 

—  2.99e  — 2 

3.824e3 

—  6.662e  —  1 

2.99e  — 2 

b3 

0 

1.800e3 

0 

-  1.3164e3 

Co 

- 

—  7.341  e  —  1 

5.22672e  — 3 

-  1.1607el 

Cl 

- 

2.373el 

—  1.214e  — 3 

—  2.795e  —  1 

C2 

- 

2.064el 

1.172e  — 3 

0 

C3 

- 

—  2.143el 

0 

0 

do 

2.888e—  1 

—  3.7e  — 27 

—  1.32196e  — 5 

1.7194e— 2 

d, 

0 

0 

0 

0 

^2 

0 

0 

0 

0 

d3 

0 

0 

0 

0 

E 

- 

10 

1.25285e  — 8 

1 

rmsd  % 

0.2 

1.7 

1.0 

2.5 

<5max  % 

0.5 

4.1 

2.4 

7.3 

T  is  absolute  temperature,  and  Tc  is  the  critical  temperature  of  the  ammonia. 
<5 max  is  maximum  deviation  rmsd  is  root-mean-square  deviation. 


Appendix  E.  Properties  of  ternary  mixtures 
Appendix  E.l.  NH3-H20-LiN03  (Libotean  model  [69,70]) 


VLE 
Density 
Heat  capacity 


Viscosity 


ln(p/kPa)  =  Zf=  oAM  A  =  Zj  =  oaiiw3>  B  =  Z?=  0^3’  ’  =  °-3  (El ) 

P/g  m~3  =A+B(T/I<),  A=2/=0(w‘2;=0aijW)3),  B  =  XL  o(™\Zj  =  oV^)  (E2) 

Cp/Jg-1  K-1  =  A+B(T/K), 

A  =  2  (w\  2  aijwi3),B=  X  (w'i  2  vtP3 )  (E3) 

i  =  0  j  =  0  i  =  0  j  =  0 

ln(p/mPas)  =  12225+ B,  A=  I?=1I/=1(ai/wj)  +  a0,  B='ZL\'Z]  =  i(Bijwj)  +  bo  (E4) 


*NH3  is  component  1,  LiN03  is  component  2,  H20  is  component  3. 
Coefficients  of  equation  for  (El) 


Coefficient 

Value 

Coefficient 

Value 

Coefficient 

Value 

Coefficient 

Value 

aOO 

1.19el 

a21 

—  1.17e2 

bOO 

—  4.02e3 

b21 

2.92e4 

alO 

2.77el 

a31 

5.48e2 

blO 

—  2.43e3 

b31 

—  2.65e4 

a20 

-8.13el 

a02 

-  1.64e3 

b20 

8.45e3 

b02 

-  1.35el 
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a30 

4.66el 

al2 

9.39el 

b30 

—  7.46e3 

bl2 

—  2.48e4 

aOl 

—  2.34e2 

a22 

—  5.13e2 

bOl 

2.48e4 

b22 

1.82e4 

all 

6.93e2 

a32 

1.58e3 

bll 

—  5.09e4 

b32 

-  1.54e2 

Coefficients  of  equation  for  (E2)-(E4) 


Density 

Heat  capacity 

Viscosity 

Coefficient 

Value 

Coefficient 

Value 

Coefficient 

Value 

aOO 

1.483e3 

aOO 

2.08  leO 

aO 

1.435 

aOl 

4.213e2 

aOl 

1.613e  —  5 

all 

10.523 

alO 

-  3.541  e2 

alO 

3.441  e  —  5 

al2 

-14.014 

all 

-  1.674e3 

all 

1.077e  — 5 

a21 

-8.015 

bOO 

7.859e  — 2 

bOO 

—  2.583e  — 3 

a22 

12.676 

bOl 

—  1.963e0 

bOl 

8.832e  — 3 

bO 

-5.301 

blO 

-  1.762e0 

blO 

1.198e  — 2 

bll 

-24.845 

bll 

1.594e0 

bll 

—  6.316e  — 3 

b!2 

31.503 

b21  23.013 

b22  -30.944 


Appendix  E.2.  NH3-H20-hydroxide  (Salavera  model  [79]) 


VLE 

ln(p/kPa)  =  A0+A-lm-l  +A2mj+A3rn'\+Bo+B'm'j^m'+B3m\ 

A=  Z  aijrf2,B=  Z  bj jiv!2,  i  =  0. ..3 
i  =  o  i  =  o 

massN  h3  x10Q  massxoH  x  100 

mass  nh3  +  massHl  0  massun3  +  massH2o 

(E5) 

Density 

p/gm~3=A  +  B(T/K)  +  C(T/K)2, 

(E6) 

Heat  capacity 

Cp/Jg-1  K-1  =A  +  B(T/I<)  +  C(T/K)2, 

(E7) 

Coefficients 

^  =  Zo^nOOwn1,  B=  2jbi(100w,)‘,  C=2oci(100wi)' 

at=  Z  a,j(100w3y,  bj=  Z  fyj(100w3y,  ci=  Z  c,j■(100w3),' 
j  =  o  J  =  o  j  =  0 

(E8) 

Coefficients  of  equation  for  (E5) 


Coeff 

KOH 

NaOH 

Coeff 

KOH 

NaOH 

aOO 

1.594el 

1.724e0 

bOO 

—  4.106e3 

—  4.682e2 

aOl 

1.303e- 1 

—  2.368e—  1 

bOl 

—  5.351el 

1.052e0 

a02 

—  4.018e  — 3 

9.744e  — 3 

b02 

1.878e0 

—  3.960e0 

alO 

6.296el 

4.500e  — 2 

blO 

1.991e  - 1 

2.480e0 

all 

—  7.283e  — 3 

5.399e  — 3 

bll 

5.437e0 

—  2.779el 

al2 

—  7.633e  —  5 

—  4.571  e  — 4 

bl2 

—  4.441  e  — 2 

2.282e  —  1 

a20 

—  1.865e  — 3 

—  4.469e  — 3 

b20 

8.730e—  1 

1.064e0 

a21 

—  8.022e  — 5 

2.311e  — 4 

b21 

—  8.592e  — 2 

—  4.678e  —  2 

a22 

2.029e  — 5 

3.082e  — 7 

b22 

—  4.331  e  — 3 

—  2.752e  — 3 

a30 

6.813e  —  6 

6.574e  —  5 

b30 

—  7.607e  — 3 

—  1.979e  — 2 

a31 

4.713e  —  6 

—  6.004e  — 6 

b31 

—  2.839e  — 4 

1.705e  — 3 

a32 

—  4.085e  — 7 

1.381e  —  7 

b32 

1.086e  — 4 

—  1.908e  —  5 

Coefficients  of  equation  for  (E6)-(E8) 

Coefficients  for  the  density  at  1.8  MPa 

Coeff  KOH  NaOH 

Coeff 

KOH 

NaOH 

Coeff 

KOH 

NaOH 

aOO  8.153e2  8.211e2 

bOO 

1.393e0 

1.416e0 

cOO 

—  2.803e  — 3 

—  2.856e  — 3 
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a01 

1.964el 

2.338el 

bOl 

—  5.423e  — 2 

—  6.568e  — 2 

cOl 

7.521  e  —  5 

8.706e  — 5 

alO 

2.610e0 

1.986e0 

blO 

—  2.423e  — 2 

—  2.203e  — 2 

clO 

1.921e  —  5 

1.606e  —  5 

all 

—  1.933e—  1 

—  4.131e  — 2 

bll 

5.123e  — 4 

—  7.400e  — 4 

ell 

—  8.998e  — 7 

1.315e  — 6 

Coefficients  for  the  heat  capacity  at  1.8  MPa 


Coeff 

KOH 

NaOH 

coeff 

KOH 

NaOH 

coeff 

KOH 

NaOH 

aOO 

2.612e0 

1.085e0 

bOO 

6.676e  — 3 

1.776e  — 2 

cOO 

—  7.191e  — 6 

—  2.636e  —  5 

aOl 

4.297e  —  1 

-  1.716e- 1 

bOl 

—  2.855e  — 3 

7.487e  — 4 

cOl 

4.364e  — 6 

—  9.297e  — 7 

alO 

1.606e  — 2 

—  8.566e  — 2 

blO 

-  1.710e-4 

3.920e  — 4 

clO 

4.895e  — 7 

—  2.973e  — 7 

all 

—  2.241  e  — 2 

1.921e  — 2 

bll 

1.424e  — 4 

—  1.059e  — 4 

ell 

—  2.257e  — 7 

1.452e  — 7 

w3  is  the  ammonia  mass  fraction,  vv3  is  the  mass  fraction  of  the  hydroxide. 
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